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Abstract	
The	high‐level	motivation	for	this	thesis	is	to	examine	the	effect	of	magnesium	
on	structural	and	 thermoelectric	properties	of	undoped	and	(Ag,	La)	doped	
Mg2Sn	 based	 cast	 alloys.	 Additionally,	 the	 deformability	 and	 its	 effect	 on	
structural	and	thermoelectric	properties	of	undoped	and	Ag	doped	alloys	are	
examined.	
Undoped	 and	 Ag	 doped	 Mg2Sn	 alloys	 were	 prepared	 with	 magnesium	
concentration	from	2	to	10.8	wt.	%	via	radio	frequency	(RF)	induction	casting	
method.	 The	 magnesium	 concentration	 was	 added	 over	 the	 Mg2Sn	
stoichiometric	composition	during	casting.	The	structural	and	microstructural	
investigations	revealed	Mg2Sn	and	Mg	as	primary	phases	 for	 these	alloys.	A	
systematic	 increase	 in	 magnesium	 phase	 fraction	 from	 3.5	 to	 26	 %	 was	
observed	with	 increase	 in	magnesium	concentrations	 from	2	 to	10.8	wt.	%	
respectively.	No	trace	of	Ag	was	observed	in	Mg2Sn	phase	which	limited	the	
doping	efficiency	and	thermoelectric	performance	of	these	alloys.			
The	thermoelectric	properties	(Seebeck	coefficient,	electrical	conductivity	and	
thermal	 conductivity)	 were	measured	 as	 a	 function	 of	 temperature	 over	 a	
heating	and	a	cooling	cycle	between	323	K	(50	°C)	and	723	K	(450	°C).	The	
electrical	and	thermal	conductivities	increased	systematically	with	an	increase	
in	 magnesium	 concentration	 for	 both	 undoped	 and	 Ag	 doped	 alloys.	
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Interestingly,	the	conductivities	were	observed	to	be	irreversible	for	the	first	
temperature	cycle.	The	inhomogeneous	distribution	of	Sn	in	the	magnesium	
matrix	 was	 responsible	 for	 the	 observed	 effect.	 Following	 the	 first	
temperature	 cycle,	 the	 conductivities	were	 repeatable	 and	 reproducible	 for	
multiple	temperature	cycles.	However,	at	323	K,	the	Seebeck	coefficient	of	the	
Mg2Sn	alloy	prepared	with	high	magnesium	concentration	was	observed	to	be	
inconsistent	 upon	multiple	 repeat	 cycles.	 This	was	 attributed	 to	 the	 coarse	
grain	size	and	respective	grain	orientations	of	Mg2Sn	and	Mg	phases	and	a	high	
fraction	of	magnesium	phase	in	between	the	Mg2Sn	grains.	
Secondly,	 the	cast	undoped	and	Ag	doped	alloys	were	 thermo‐mechanically	
processed	via	compression.	Small	samples	(5	x	5	x	5	mm)	of	undoped	2	wt.	%	
Mg	 alloy	 and	 Ag	 doped	 10.8	wt.	%	Mg	 alloy	were	 compressed	 at	 different	
temperatures	to	various	true	strains	and	analysed	via	microscopy	and	EBSD.	
At	 room	 temperature,	 the	 alloys	 failed	 at	 true	 strain	 ~13	 %.	 However,	 at	
elevated	 temperatures,	 the	 alloys	 were	 observed	 to	 be	 highly	 plastic.	 A	
substructure	formation	was	observed	only	in	the	big	dendritic	grains	of	Mg2Sn	
phase.	The	most	prominent	substructure	formation	in	terms	of	grain/subgrain	
size	 and	 misorientation	 angle	 distribution	 was	 observed	 in	 samples	
compressed	at	673	K	to	the	true	strain	of	1.	This	compression	condition	was	
applied	on	larger	billets	(20	x	20	x	20	mm)	of	Mg2Sn	alloys.	The	alloys	with	low	
Mg	concentration	(2	wt.	%)	broke	following	compression.	The	major	cracks	
present	 in	 the	 as	 cast	 structure	 and	 Sn	 coming	 out	 from	Mg	 solid	 solution	
during	hot	deformation	were	believed	 to	be	main	reasons	 for	 the	 failure	of	
these	 alloys.	 Only	 Ag	 doped	 alloy	 prepared	 with	 6.7	 wt.	 %	 magnesium	
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remained	 intact	 following	 cutting.	 An	 increase	 of	 3	 times	 in	 the	 ZT	 was	
observed	in	the	deformed	alloy	compared	to	the	as	cast	alloy.	The	decrease	in	
thermal	 conductivity	 due	 to	 increased	 phonon	 scattering	 at	 grain/subgrain	
boundary	is	mainly	responsible	for	the	obtained	higher	ZT.	
Finally,	La	doped	Mg2Sn	alloys	were	prepared	with	Mg	concentrations	of	2	and	
6.7	 wt.	 %	 using	 RF	 induction	 casting	 method.	 The	 structural	 and	
thermoelectric	properties	of	the	cast	alloys	were	examined	and	compared	with	
the	 respective	 undoped	 alloys.	 The	 structural	 and	 microstructural	
investigations	 revealed	 Mg2Sn	 and	 Mg	 as	 primary	 phases	 for	 these	 alloys.	
Additionally,	no	trace	of	La	was	detected	in	the	Mg2Sn	phase.	Instead,	it	formed	
LaSn2Mg3	 phase	which	 systematically	 increased	with	 increase	 in	 La	 doping	
concentration.	 This	 phase	 influenced	 the	 cast	 quality	 of	 these	 alloys	
significantly	and	nearly	a	crack	free	billet	was	obtained	for	2	wt.	%	Mg	alloy	
doped	with	 7.1	wt.	%	 La.	 Since	 La	 did	 not	 enter	Mg2Sn,	 it	was	 not	 proven	
beneficial	to	the	thermoelectric	properties	of	Mg2Sn	alloys.	Thus,	lower	values	
of	power	factor	were	obtained	for	La	doped	alloys	compared	to	the	respective	
undoped	alloys.			
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Chapter	1 Introduction	
1.1 Motivation	
The	recovery	of	waste	heat	from	industrial	units,	automotive	components	and	
converting	 it	 to	 useful	 electrical	 energy	 drives	 the	 development	 of	 new	
thermoelectric	materials.	The	current	power	sources	which	rely	on	the	fossil	
fuels	such	as	coal,	gas,	and	oil	have	an	efficiency	of	only	34	%	[1].	Almost	40‐
70	%	of	the	energy	is	lost	in	the	form	of	waste	heat	near	the	exhausts	of	electric	
generators	in	power	plants	[2].	Overall,	about	66%	of	energy	from	different	
power	 sources	 is	 being	 wasted	 as	 heat	 [3].	 The	 thermoelectric	 generators	
(TEGs)	are	useful	in	harvesting	this	waste	heat	and	convert	it	to	electricity	[4,	
5].		
Power	generators	based	on	thermoelectric	materials	are	noise‐free,	stable	and	
scalable	[6,	7].	In	the	automobile	sector,	the	implementation	of	thermoelectric	
generators	(TEGs)	near	the	exhaust	of	vehicles	and	near	the	radiator	helps	in	
increasing	fuel	efficiency	and	reducing	greenhouse	gas	emissions	[8‐10].	The	
materials	 are	 also	 used	 in	 various	 applications	 ranging	 from	 radioisotope	
thermoelectric	generators	in	space	science	missions	[11]	to	coolers	for	spot	
cooling	in	small	component	electronic	systems	[12,	13].		
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Thermoelectric	(TE)	effects	have	been	known	for	nearly	two	centuries	[14].	
However,	owing	to	the	low	efficiencies	of	known	thermoelectrics,	they	did	not	
attain	much	focus	until	the	mid	of	20th	century.	Research	on	these	materials	
increased	rapidly	in	the	past	65‐70	years	after	the	realisation	of	heavily	doped	
semiconductors	 as	 competent	 thermoelectric	 materials.	 Since	 then	
researchers	 have	 focused	 on	 improving	 the	 efficiency	 of	 thermoelectric	
materials	 [15].	The	 figure	of	merit	(ZT)	 is	a	parameter	used	to	describe	the	
efficiency	of	the	thermoelectric	materials.	The	highest	values	of	ZT	have	been	
achieved	 for	Tellurium	 (Te)	 and	Lead	 (Pb)	based	alloys	 that	 are	 expensive,	
toxic	and	non‐environment	friendly	[16,	17].		
On	the	other	hand,	magnesium	based	materials,	Mg2X	(X=Si,	Ge,	Sn)	and	their	
solid	 solutions	are	nontoxic,	 inexpensive	and	environment‐friendly	 [18‐23].	
Among	Mg	based	thermoelectric	alloys,	Mg2Sn	alloys	are	promising	candidates	
because	these	alloys	produce	a	power	factor	comparable	to	Bi2Te3	and	YbAl3	
yet	costs	less	than	a	quarter	of	the	price	[24].	However,	Mg2Sn	alloys	are	not	
well‐studied	compared	to	Mg2Si	and	Mg2(Si,	Sn)	solid	solutions.	There	exists	a	
lot	of	scope	for	improvement	in	the	thermoelectric	properties	of	these	alloys.	
Mg2Sn	based	thermoelectric	alloys	have	been	mainly	prepared	by	casting	and	
powder	methods	under	controlled	atmospheric	conditions	[25‐31].	The	major	
problem	with	the	fabrication	of	this	material	system	is	the	high	vapour	pressure	
of	magnesium.	With	a	view	to	compensating	the	Mg	 loss	due	to	high	vapour	
pressure	 during	 synthesis,	 previous	 researchers	 have	 added	 excess	
magnesium	up	to	4	wt.%	over	the	stoichiometry	and	studied	thermoelectric	
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properties	of	these	alloys	[25,	30].	However,	the	effect	of	Mg	addition	above	
4	wt.	%	 on	 structural	 and	 thermoelectric	 properties	 of	Mg2Sn	 alloys	 is	 not	
known.	 Additionally,	 the	 thermoelectric	 performance	 of	 alloys	 can	 be	
improved	 by	 doping	with	 n	 or	 p	 type	 dopants.	 Among	 the	 p‐type	 dopants,	
silver	(Ag)	doping	has	shown	improvement	in	the	thermoelectric	performance	
of	Mg2Sn	alloys	[25‐31].	However,	the	effect	of	Mg	in	Ag	doped	Mg2Sn	alloys	
has	not	been	thoroughly	investigated.	On	the	other	hand,	Lanthanum	(La)	has	
been	reported	as	effective	n‐type	dopant	 in	various	systems	such	as	ZrNiSn	
[32],	 PbTe	 [33],	 SrTiO3	 [34],	 BaSnO3	 [35].	 Nevertheless,	 no	 reports	 are	
available	 on	 the	 effect	 of	 La	 doping	 on	 the	 structural	 and	 thermoelectric	
performance	of	Mg2Sn	alloys.	
An	alternate	approach	to	improve	ZT	is	by	decreasing	thermal	conductivity	via	
deformation.	 The	 deformation	 has	 shown	 improvement	 in	 thermoelectric	
performance	of	Bi,	Te,	Fe,	Co,	Mn	based	thermoelectric	alloys	[36‐42].	To	the	
best	of	our	knowledge,	no	reports	are	available	on	the	deformability	and	its	
effect	on	the	thermoelectric	performance	of	Mg2Sn	based	alloys.	
Therefore,	 the	 aim	 of	 the	 current	 study	 is	 to	 investigate	 the	 effect	 of	
magnesium	on	the	structural	and	thermoelectric	performance	of	undoped	and	
(Ag,	La)	doped	Mg2Sn	based	alloys	and	to	examine	the	deformability	and	its	
effect	on	the	structural	and	thermoelectric	performance	of	Mg2Sn	alloys.	
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1.2 Thesis	outline	
A	brief	overview	of	this	thesis	is	outlined	below.		
In	chapter	2,	a	critical	review	of	fundamental	thermoelectric	properties	and	
literature	 of	Mg2Sn	 based	 alloys	 is	 provided.	 The	 gaps	 in	 the	 literature	 are	
identified	and	scope	of	the	current	work	is	discussed.		
Chapter	3	presents	a	description	of	the	radio	frequency	(RF)	induction	casting	
procedure.	 The	 experimental	 methods	 and	 techniques	 used	 in	 the	
characterisation	of	Mg2Sn	based	alloys	are	also	described.	
Chapter	4	investigates	the	structural	and	thermoelectric	behaviour	of	undoped	
and	 Ag	 doped	 as	 cast	 Mg2Sn	 based	 alloys	 prepared	 with	 2	 to	 10.8	 wt.	 %	
magnesium	concentrations.	The	effect	of	heat	treatment	on	the	microstructure	
and	thermoelectric	properties	are	discussed.	
Chapter	5	examines	the	deformability	of	undoped	and	Ag	doped	Mg2Sn	based	
alloys.	The	effect	of	compression	testing	on	microstructure	and	thermoelectric	
properties	is	described.		
Chapter	 6	 presents	 structural	 and	 thermoelectric	 behaviour	 of	 La	 doped	
Mg2Sn	based	alloys	prepared	with	2	to	6.7	wt.	%	magnesium.	The	effectiveness	
of	the	La	doping	in	Mg2Sn	alloys	is	also	examined.	
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Chapter	7	presents	the	conclusions	and	scope	for	future	work.	
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Chapter	2 Literature	review	
This	 chapter	 explores	 three	 main	 topics.	 Firstly,	 the	 fundamentals	 of	
thermoelectrics	 are	 presented	 in	 Section	 2.1.	 This	 is	 followed	 by	 a	 critical	
literature	review	of	Mg2Sn	based	thermoelectric	alloys	in	section	2.2.	Finally,	
the	 effect	 of	 deformation	 processing	 on	 the	 thermoelectric	 performance	 of	
various	alloys	is	discussed	in	section	2.3.	
	
2.1 Fundamentals	of	thermoelectrics	
The	thermoelectric	effect	is	a	phenomenon	that	generates	electricity	from	the	
temperature	difference	in	a	material	or	vice	versa.	The	former	effect	is	known	
as	Seebeck	effect	and	the	latter	is	called	the	Peltier	effect.		
In	1821,	Thomas	Seebeck	discovered	Seebeck	effect	by	the	deflection	of	the	
compass	 needle	 at	 the	 junction	 of	 two	 different	 metals	 with	 temperature	
difference	 [14].	 Seebeck	 effect	 is	 a	 phenomenon	 where	 a	 temperature	
difference	 across	 a	 junction	 of	 two	 dissimilar	 materials	 is	 converted	 into	
electrical	 energy.	 This	 is	 shown	 schematically	 in	 Figure	 2‐1.	 Two	 different	
materials	(1	and	2)	are	placed	in	a	thermal	gradient.	The	diffusion	of	charge	
carriers	 occurs	 depending	 on	 the	 direction	 of	 the	 thermal	 gradient.	 The	
generated	electric	potential	due	to	this	diffusion	is	known	as	Seebeck	voltage.		
	 		
7	
	
The	relation	between	this	voltage	and	temperature	is	defined	as	the	Seebeck	
coefficient	(S)	in	units	of	volts	per	kelvin.		
	
Figure	2‐1							Schematic	representation	of	Seebeck	effect.		
	
2.1.1 Transport	properties	
The	thermoelectric	performance	of	materials	can	be	described	using	the	three	
fundamental	 transport	 properties.	 They	 are	 Seebeck	 coefficient,	 electrical	
conductivity,	and	thermal	conductivity.			
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2.1.1.1 Seebeck	coefficient	
The	 Seebeck	 coefficient	 (S)	 is	 defined	 as	 the	 ratio	 of	 the	measured	 voltage	
difference	 (ΔV)	 in	 response	 to	 the	 temperature	 difference	 (ΔT)	 across	 the	
material.	This	 is	given	by	S ൌ ∆୚∆୘	[43].	The	unit	of	the	Seebeck	coefficient	is	
V/K.	For	typical	metals	and	semiconductors,	the	value	of	S	is	observed	of	the	
order	of	tens	and	hundreds	of	μV/K	respectively	[44].	The	Seebeck	coefficient	
can	be	either	negative	or	positive	depending	on	the	type	of	charge	carriers	in	
a	 semiconducting	material	 [45].	 A	 positive	 S	 means	 that	 the	 holes	 are	 the	
majority	charge	carriers	(P‐type	material)	where	a	negative	S	means	that	the	
electrons	 are	 majority	 charge	 carriers	 (N‐type	 material).	 The	 Seebeck	
coefficient	is	directly	related	to	the	concentration	of	charge	carriers	and	the	
effective	mass	of	the	electrons	in	the	semiconducting	material.	This	is	given	by		
																																																			
	S ൌ 	 ଼஠మ୩ౘమଷୣ୦మ m∗T ቂ	
஠
ଷ୬	ቃ
మ
య																																													(2‐1)	
where	m*	is	the	effective	mass,	n	is	the	carrier	concentration,	kb	(1.38	×	10‐23	
m2	kg	s‐2	K‐1)	is	the	Boltzmann	constant,	h	(6.62	×	10‐34	m2	kg	s‐1)	is	the	Plank	
constant	 and	 e	 is	 the	 charge	 value.	 This	 relationship	 is	 derived	 from	 the	
parabolic	band	model	and	energy‐independent	scattering	time	for	metals	and	
degenerate	semiconductors	[7].	
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2.1.1.2 Electrical	conductivity	
The	ability	of	a	material	to	conduct	the	flow	of	the	electric	current	is	known	as	
electrical	conductivity.	It	is	the	inverse	of	electrical	resistivity.	It	can	be	defined	
as;		
																																																			σ ൌ ଵ஡ ൌ
୐
ୖ୅																																																														(2‐2)	
where	σ	 is	 the	 electrical	 conductivity,	 ρ	 is	 the	 electrical	 resistivity,	 L	 is	 the	
length	of	the	material,	A	is	the	cross‐sectional	area	of	the	material	and	R	is	the	
electrical	resistance	[46].	The	values	of	electrical	conductivity	vary	from	108	
for	 metals	 to	 10‐23	 for	 insulators	 in	 units	 of	 Ω‐1m‐1.	 It	 is	 closely	 related	 to	
mobility	(μ),	charge	concentration	(n)	and	charge	value	(e)	as;	
																																																									σ ൌ neμ																																																																					(2‐3)	
An	important	relation	between	the	mobility	and	the	effective	mass	is;	
																																																									
μ ൌ 	 ୣத୫∗																																																																								(2‐4)	
where	τ	is	the	average	relaxation	time1	for	the	charge	carriers	[45].	
																																																								
1	The	relaxation	time	is	the	average	time	between	two	successive	collisions.	
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2.1.1.3 Thermal	conductivity	
The	ability	of	a	material	to	conduct	the	heat	is	known	as	thermal	conductivity.	
The	thermal	conductivity	()	is	given	by,	
																																																							J୕ ൌ 	െ	λ	 ୢ୘ୢ୶																																																													(2‐5)																											
where	JQ	is	the	amount	of	heat	exchanged	per	unit	area	per	unit	time	and	dT/dx	
is	the	temperature	gradient	for	a	unit	length	of	the	material.	The	negative	sign	
indicates	 that	 the	net	 heat	 transfer	 takes	 place	 in	 the	 opposite	 direction	 of	
thermal	gradient	[46].	
The	transfer	of	heat	across	the	material	is	due	to	lattice	vibrations	(phonons)	
and	electronic	conduction.	The	former	is	dominant	in	insulators	or	non‐metals	
and	the	latter	is	dominant	in	the	case	of	metals	[47].	Therefore,	the	thermal	
conductivity	()	of	the	material	is	a	combination	of	the	electronic	contribution	
(e)	and	the	lattice	contribution	(l).	This	is	given	by	the	following	equation,	
																																																λ ൌ 	 λୣ ൅ λ୪																																																					(2‐6)	
The	electronic	 contribution	 to	 the	 thermal	 conductivity	 (e)	 is	 given	by	 the	
Wiedemann‐	 Franz	 law	 [48].	 According	 to	 this,	 the	 ratio	 of	 electronic	
contribution	 (e)	 to	 electrical	 conductivity	 is	 proportional	 to	 temperature.	
This	can	be	shown	as,	
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																																								λୣ ൌ 	σLT	 	 																																											(2‐7)	
where	L	is	the	proportionality	constant	known	as	the	Lorenz	number	[49].		The	
value	of	L	is	~2.45	x	10‐8	VK‐2	for	metals.	This	mechanism	is	dominant	in	metals	
due	to	the	presence	of	free	electrons	[47].	
The	 lattice	 contribution	 to	 thermal	 conductivity	 (λ୪)	 is	 predominant	 in	
insulators	or	non‐metals	due	to	the	absence	of	the	free	electrons.	It	is	given	by,	
																																									λ୪ ൌ 	 ଵଷ 	cvl		 																																	 			(2‐8)	
where	c	is	the	molar	heat	capacity,	v	is	the	mean	velocity	and	l	is	the	mean	free	
path	of	the	phonons	[50].	The	velocity	and	the	mean	free	path	are	dependent	
on	the	temperature.	At	higher	temperatures,	the	mean	free	path	and	therefore	
ߣ௟	decreases	due	to	an	increase	in	the	phonon	scattering.		
	
2.1.2 Criterion	for	selection	of	thermoelectric	materials	
The	 efficiency	 of	 a	 thermoelectric	 material	 is	 determined	 mainly	 by	 two	
parameters	derived	from	the	fundamental	properties	discussed	above.	They	
are	power	factor	(PF)	and	the	figure	of	merit	(ZT).	
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2.1.2.1 Efficiency	of	thermoelectric	materials	
The	thermoelectric	power	factor	(α)	determines	the	amount	of	electricity	that	
is	 produced	 from	 a	 unit	 area	 of	 the	 material.	 The	 unit	 of	 power	 factor	 is	
W/mK2.	The	power	factor	is	calculated	from	the	Seebeck	coefficient	(S)	and	
electrical	conductivity	()	using	the	following	equation.	
																																										α ൌ Sଶσ																														 																													(2‐9)	
The	figure	of	merit	(ZT)	parameter	defines	the	efficiency	of	the	thermoelectric	
material.	This	is	given	by	[51,	52],		
																																											ZT ൌ 	 ୗమ஢୘஛ ൌ 	
஑୘
஛ 																																																								(2‐10)	
It	 is	 clear	 from	 the	 equation	 (2‐10)	 that	 an	 ideal	 thermoelectric	 material	
should	possess	high	 Seebeck	 coefficient	 (S),	 high	 electrical	 conductivity	 ()	
and	low	thermal	conductivity	().	Additionally,	from	equations	(2‐1),	(2‐3)	and	
(2‐7),	 it	 can	 be	 seen	 that	 these	 thermoelectric	 properties	 (S,	 ,	 )	 are	
dependent	on	the	charge	carrier	concentration	(n).		
Figure	2‐2	shows	the	change	in	the	thermoelectric	properties	as	a	function	of	
the	 carrier	 concentration	 [7].	 The	 materials	 with	 relatively	 low	 carrier	
concentration	 are	 insulators	 and	 those	with	 high	 concentration	 are	metals.	
The	semiconductors	have	carrier	concentration	usually	in	the	range	of	1019	to	
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1020	cm‐3.	It	can	be	seen	from	the	figure	that	the	insulators	have	low	values	of	
electrical	 and	 thermal	 conductivity	 and	 high	 values	 of	 Seebeck	 coefficient.	
Whereas	the	metals	have	high	values	of	electrical	and	thermal	conductivity	but	
at	 the	 expense	 of	 Seebeck	 coefficient.	 However,	 an	 optimal	 combination	 of	
Seebeck	coefficient,	electrical	conductivity	and	thermal	conductivity	leading	to	
high	 ZT	 can	 be	 achieved	 with	 semiconductors.	 Thus,	 semiconductors	 are	
identified	 as	 prospective	 candidates	 compared	 to	metals	 or	 insulators	 and	
could	provide	a	suitable	region	to	choose	an	efficient	thermoelectric	material	
[53].	
	
Figure	2‐2							Thermoelectric	properties	as	a	function	of	carrier	concentration	
[7].	
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2.1.2.2 Figure	of	merit	(ZT)	for	various	materials	
There	 have	 been	 many	 investigations	 into	 materials	 (different	 types	 of	
semiconductors)	 that	 can	 provide	 high	 thermoelectric	 performance	 for	 a	
specific	range	of	temperatures.	Figure	2‐3	shows	ZT	of	various	thermoelectric	
materials	as	a	function	of	temperature	[54].	In	the	figure,	“HMS”	and	“LAST”	
corresponds	 to	 higher	 manganese	 silicides	 (MnSi1.75)	 and	 Lead‐Antimony‐
Silver‐Tellurium	 (AgPb18SbTe20)	 respectively	 [17,	 55].	 The	 Bi‐Sb‐Te	 based	
materials	 have	 their	 best	 ZT	 in	 the	 low‐temperature	 range	 (around	380	K)	
whereas	Si‐Ge	based	materials	have	their	highest	ZT	in	the	high‐temperature	
range	(around	1200	K).	The	other	materials	such	as	Pb‐Te,	Zn‐Sb,	Ba‐Ni‐Co‐Sb,	
LAST	and	Mg2Si1‐xSnx	display	maximum	ZT	in	the	intermediate	temperature	
range	(around	650	K	to	900	K).		
It	can	be	observed	that	the	materials	that	achieved	high	values	of	ZT	mainly	
consist	of	lead	and	tellurium.	These	elements	are	non‐eco‐friendly,	expensive,	
and	toxic.	On	the	other	hand,	magnesium	based	thermoelectric	materials	are	
non‐hazardous,	economical	and	possess	moderate	values	of	the	figure	of	merit.	
Hence,	 there	are	opportunities	to	develop	highly	efficient	magnesium	based	
thermoelectric	materials.	
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Figure	2‐3							Variations	of	figure	of	merit	for	various	thermoelectric	materials	
at	different	temperatures	[54].	
	
2.2 Mg2Sn	based	thermoelectric	alloys	
The	magnesium	based	thermoelectric	materials	include	Mg2Sn,	Mg2Si,	Mg2Ge	
and	their	solid	solutions.	Magnesium‐Stannide	(Mg2Sn)	is	one	of	the	promising	
thermoelectric	materials	among	the	Mg2X	type	material	system.	It	has	the	lowest	
band	gap	(0.35	eV)	and	falls	in	the	range	of	degenerate	semiconductors	which	
possess	 metal	 like	 transport	 properties	 [21].	 The	 alloys	 based	 on	 Mg‐Sn	
generate	a	power	 factor	equivalent	 to	Bi2Te3	and	YbAl3	yet	costs	 less	 than	a	
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quarter	 of	 the	 price	 [24].	 However,	 they	 are	 not	well‐studied	 compared	 to	
Mg2Si	and	Mg2(Si,	Sn)	solid	solutions.	
	
2.2.1 Crystal	structure	and	phase	diagram	
Figure	2‐4a	shows	the	unit	cell	of	the	Mg2Sn	crystal.	The	crystal	structure	is	
cubic	with	a	space	group	of	Fm‐3m	and	a	lattice	parameter	of	6.76	Å	[56].	This	
antifluorite	structure	can	be	described	as	a	structure	comprising	a	cube	of	Sn	
atoms	 as	 anions	 on	 faces	 and	 corners	 with	 cations	 of	 Mg	 atoms	 in	 the	
tetrahedral	 holes.	 Considering	 the	 face	 centred	 cubic	 lattice,	 its	 basis	
comprises	Sn	atoms	at	the	000	position	and	Mg	atoms	at	¼	¼	¼	and	‐¼	‐¼	‐¼	
positions	[57].		
Figure	2‐4b	shows	the	phase	diagram	as	a	function	of	the	atomic	and	weight	
percentage	of	Sn.	The	Mg2Sn	alloy	system	consists	of	two	main	phases	via	the	
cubic	Mg2Sn	 and	 hcp	Mg	 phase.	 The	 phase	 diagram	 shows	Mg2Sn	 as	 a	 line	
compound	having	a	melting	point	of	770	°C	(1043	K)	at	approximately	33	at.	
%	(71	wt.	%)	of	Sn	[58].	The	eutectic	temperature,	where	the	liquid	phase	is	
transformed	to	Mg	and	Mg2Sn	phase	is	~	561	°C	(834	K).	The	phase	diagram	
depicts	the	existence	of	eutectic	phase	of	Mg+Mg2Sn	or	Sn+Mg2Sn	depending	
on	the	constituent	of	Sn	and	Mg	in	the	stoichiometry.		
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Figure	2‐4							Crystal	structure	of	Mg2Sn	in	a	[57]	and	phase	diagram	of	Mg‐Sn	
system	in	b	[58].	
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2.2.2 Material	synthesis	procedures	
Generally,	 magnesium	 based	 thermoelectric	 alloys	 have	 been	 prepared	 by	
solid	state	reaction	[59,	60],	direct	co‐melting	[61‐63],	spark	plasma	sintering	
(SPS)	 [64‐66],	 and	mechanical	 alloying	 [67‐69].	 In	 the	 case	of	Mg2Sn	based	
alloys,	methods	 of	 vacuum	melting	 followed	 by	 SPS	 [25,	 26,	 31],	 Bridgman	
casting	[27,	28]	and	radio	frequency	(RF)	induction	casting	[29,	30]	have	been	
employed	by	researchers.	These	methods	are	briefly	reviewed	in	this	section.	
Vacuum	melting	followed	by	SPS	was	used	to	synthesise	Mg2Sn	based	alloys	
by	Choi	and	Tae	[25,	26,	31].	Firstly,	Mg	and	Sn	powders	were	placed	in	an	
alumina	crucible	sealed	in	an	evacuated	quartz	ampoule.	They	were	heated	at	
1083	 K	 for	 30	minutes	 in	 an	 electrical	 furnace.	 The	 cast	 ingots	 were	 then	
annealed	for	5	hours	at	673	K.	Since	the	cast	ingots	were	porous,	SPS	technique	
was	 used	 to	 densify	 and	 reduce	 the	 loss	 of	 constituent	 elements	 [66].	 The	
ingots	were	ground	to	powder	and	then	SPS	for	10	minutes	under	a	pressure	
of	40	MPa	at	800	K.	
A	 modified	 Bridgman	method	 was	 used	 to	 cast	 Mg2Sn	 alloys	 by	 Chen	 and	
Savvides	[27,	28].	The	casting	was	performed	in	the	graphite	crucible	sealed	
in	 quartz	 ampoule	 filled	with	 a	mixture	 of	 hydrogen	 and	 argon	 gases.	 The	
ampoule	was	heated	till	1093	K	followed	by	2	cycles	of	movement	along	the	
furnace.	 The	 cast	 ingots	 were	 annealed	 for	 5	 hours	 at	 573	 K	 for	
homogenization.	The	whole	casting	process	required	~	100	hrs.	However,	it	
should	be	noted	that	the	ingots	contained	several	micro	cracks.	
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Further,	Chen	and	Savvides	[29,	30]	employed	radio	frequency	(RF)	induction	
casting	to	produce	Mg2Sn	based	alloys. In	this	method,	a boron	nitride	(BN)	
container	 containing	 the	 constituent	 elements	 was	 sealed	 in	 a	 graphite	
container.	This	container	was	suspended	in	a	water	cooled	RF	copper	coil.	The	
complete	assembly	was	placed	 inside	a	stainless	steel	chamber.	The	RF	coil	
was	heated	to	1053	K	for	20	minutes.	The	cast	ingots	were	then	annealed	in‐
situ	for	5	hours.	The	(RF)	induction	casting	has	also	been	used	to	prepare	Mg‐
Si‐Sn	alloys	[70]	and	Mg‐Si‐Ge	alloys	[62].	
Overall,	it	can	be	seen	that	the	vacuum	melting	followed	by	SPS	and	modified	
Bridgman	methods	are	lengthy	and	complex.	Whereas,	RF	induction	method	is	
rapid,	easy	and	cost	effective	[29].	
	
2.2.3 Thermoelectric	performance	of	Mg2Sn	alloys	
A	 review	 of	 thermoelectric	 properties	 of	Mg2Sn	 based	 undoped	 and	 doped	
alloys	 is	 presented	 in	 this	 section.	 Table	 2‐1	 lists	 electrical	 conductivity,	
Seebeck	coefficient,	thermal	conductivity,	power	factor	and	ZT	of	Mg2Sn	alloys	
prepared	by	various	researchers	[25‐31].	The	employed	fabrication	processes	
and	compositions	are	also	presented	in	the	table.	
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Reference Compositions Fabrication process 
Thermoelectric properties between 300 K to 750 K 
Seebeck 
coefficient 
(V/K) 
Electrical 
conductivity    
(102 Ω-1 m -1) 
Power factor (10-
3Wm-1K-2) 
Thermal 
conductivity    
(Wm-1K-1) 
ZT 
Chen et al.         
[27, 28] 
Mg2Sn undoped Modified 
Bridgman 
method 
-50 to -55 30 to 500 0.01 to 0.1 - - 
Bi doped 1 and 2 at %, 
Ag doped 1 and 2 at %. 
-60 to -160 
50 to 125 
800 to 3000 
600 to 11000 
0.25 to 1.9 
0.2 to 4.1 
- 
- 
- 
0.45 
Chen et al.          
[29, 30] 
Mg2Sn undoped Radio Frequency 
Induction 
method 
30 to -40 30 to 500 0.01 to 0.07 6.6 to 7.3 0.01 
Ag doped 0.05,0.15,0.5 and 1 at % 220 to -20 60 to 1070 0.05 to 2.3 3.4 to 7.6 0.01 to 0.3 
Choi et al. [31] 
Mg2Sn undoped alloys with Mg: Sn 
ratio of 67:33 and 71:29 Vacuum melting 
+ 
Spark Plasma 
Sintering 
180 to -40 50 to 490 0.01 to 0.19 - - 
Mg2Sn (67:33) doped with 1 mol % 
Ni, Cu, Zn, Ag and In 250 to -20 40 to 1100 0.01 to 1.4 - - 
Mg2Sn (67:33) doped with 0.5, 1, 2 
and 3 mol % Ag 40 to 140 490 to 1200 0.01 to 1.5 3.7 to 6 
0.015 to 
0.18 
Tae et al. [25, 26] 
Mg2Sn undoped alloys with Mg: Sn 
ratio of 67:33 to 71:29 Vacuum melting 
+ 
Spark Plasma 
Sintering 
180 to -60 50 to 650 0.01 to 0.18 - - 
Mg2Sn 1 mol % Ag doped alloys with 
Mg: Sn ratio of 66:34 to 71:29 140 to -25 100 to 1120 0.01 to 1.4 - - 
Mg2Sn (71:29) doped with 0.5, 1 mol 
% Ag 5 to -10 400 to 1700 0.01 to 0.02 - - 
Table	2‐1								Thermoelectric	properties	of	Mg2Sn	based	alloys.		
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2.2.3.1 Undoped	alloys	
It	 is	 challenging	 to	 fabricate	Mg2Sn	alloys	with	 stoichiometric	 compositions	
due	to	the	high	vapour	pressure	of	magnesium.	Consequently,	either	pure	tin	
(in	the	case	of	insufficient	excess	Mg)	or	magnesium	is	always	left	in	the	final	
cast	product.	Therefore,	excess	magnesium	is	added	to	compensate	the	loss	of	
magnesium	during	fabrication	[28].	The	thermoelectric	properties	of	undoped	
Mg2Sn	 alloys	 having	near	 stoichiometric	 and	 excess	Mg	 (4	wt.%)	 produced	
using	vacuum	melting	followed	by	SPS	[25],	modified	Bridgman	casting	[27]	
and	RF	induction	casting	[29]	are	compared	in	Figure	2‐5.		
Figure	 2‐5a	 shows	 the	 variation	 of	 Seebeck	 coefficient	 as	 a	 function	 of	
temperature.	 It	 can	 be	 seen	 that	 the	 Seebeck	 coefficient	 of	 Mg2Sn	 alloys	
changes	 sign	 changes	 from	 positive	 to	 negative	 as	 the	 temperature	 is	
increased.	 This	 transition	 could	 have	 resulted	 due	 to	 the	 narrow	band	 gap	
(~0.3	eV)	of	Mg2Sn	semiconductor	[25,	30].	The	material	is	extrinsic	at	lower	
temperatures	 and	 transits	 to	 thermally	 activated	 intrinsic	 conduction	 at	
higher	temperatures	[28,	71].	The	reported	temperatures	of	transition	for	near	
stoichiometric	are	500	K	[25],	250	K	[27],	and	340	K	[29]	respectively.	The	
same	for	excess	magnesium	is	440	K	[25].	It	should	be	noted	that	the	transition	
is	 observed	 at	 lower	 temperatures	 in	 cast	 samples	 compared	 to	 vacuum	
melting	followed	by	SPS	samples.	The	reasons	for	the	observed	inconsistency	
in	the	transition	temperature	is	unknown.	
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Figure	 2‐5b	 shows	 the	 variation	 of	 electrical	 conductivity	 as	 a	 function	 of	
temperature.	It	can	be	seen	that	irrespective	of	synthesis	method,	the	order	of	
magnitude	and	variation	of	electrical	conductivity	as	a	function	of	temperature	
are	 reported	 to	 be	 similar.	 The	 observed	 electrical	 conductivity	 of	 sample	
having	 excess	 magnesium	 is	 higher	 compared	 to	 respective	 near	
stoichiometric	alloy	below	600	K.	The	reason	for	small	dip	observed	in	excess	
magnesium	sample	at	higher	temperatures	is	unknown.		
Figure	2‐5c	shows	the	variation	of	power	factor	as	a	function	of	temperature.	
The	 power	 factor	 of	 the	 order	 of	 10‐4	Wm‐1K‐2	 is	 reported	 for	 all	 undoped	
Mg2Sn	 alloys.	 However,	 different	 temperature	 dependency	 is	 observed	 for	
different	 synthesis	 procedure.	 At	 low	 temperatures	 below	 450	 K,	 the	 alloy	
prepared	by	vacuum	melting	followed	by	SPS	method	exhibited	higher	power	
factor	compared	to	alloy	prepared	by	casting	(Bridgman	and	RF	 induction).	
Whereas,	 at	 higher	 temperatures,	 cast	 alloys	 exhibited	higher	 power	 factor	
compared	 to	 alloys	 prepared	 via	 vacuum	 melting	 followed	 by	 SPS.	
Additionally,	compared	to	the	stoichiometric	alloys,	 the	alloy	prepared	with	
excess	magnesium	(4	wt.	%)	showed	the	 lowest	power	 factor	 for	the	entire	
temperature	range.		
Thus,	 it	 can	be	 concluded	 that	RF	 induction	 casting	method	 is	 a	 rapid,	 cost	
effective	that	provides	moderate	power	factors	compared	to	the	Bridgeman	
and	vacuum	melting	followed	by	SPS	methods.	In	addition,	excess	magnesium	
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(4	wt.%)	effects	the	thermoelectric	properties	of	this	alloy.	However,	the	range	
of	this	effect	has	not	been	thoroughly	investigated.	
	
Figure	2‐5							Variation	of	a)	Seebeck	coefficient,	b)	electrical	conductivity	and	
c)	power	factor	as	a	function	of	temperature	for	Mg2Sn	alloys	[25,	27,	29].	
	
2.2.3.2 Ag	doped	alloys	
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Mg2Sn	based	undoped	alloys	exhibited	power	factors	of	the	order	of	10‐4	W	m‐
1K‐2.	Doping	can	enhance	the	power	factor	and	ZT	by	changing	the	band	gap	
and	increasing	the	carrier	concentration	[53].		
Choi	et	al.	[31]	doped	Mg2Sn	alloys	with	various	p‐type	dopants	to	study	their	
effect	on	the	thermoelectric	properties.	Dopants	with	a	concentration	of	1	mol	
%	(1	at	%)	Ni,	Cu,	Ag,	 In	and	Zn	was	added	to	Mg2Sn	stoichiometric	alloys.	
Figure	 2‐6a	 shows	 the	 change	 in	 the	 Seebeck	 coefficient	 as	 a	 function	 of	
temperature.	It	can	be	seen	that	only	the	alloy	doped	with	silver	(Ag)	remained	
p‐type	for	the	entire	temperature	range,	while	the	other	moved	from	positive	
to	negative	above	~500	K.		This	is	due	to	an	acceptor	effect	of	Ag	atoms	doped	
into	the	Mg2Sn	alloy.	Due	to	the	acceptor	doping	effect,	the	hole	concentration	
increased.	 For	 the	 other	 four	 doping	 elements,	 it	 was	 assumed	 that	 they	
remained	at	the	grain	boundaries	and	did	not	react	with	Mg2Sn	matrix.	This	
shows	that	only	Ag	acts	as	an	acceptor	for	Mg2Sn	alloy	among	other	dopants.		
Figure	2‐6b	shows	 the	change	 in	 the	electrical	 conductivity	as	a	 function	of	
temperature.	It	was	observed	that	electrical	conductivity	of	Ag	doped	sample	
remained	 higher	 compared	 to	 undoped	 and	 samples	 prepared	 with	 other	
dopants	 for	 the	 entire	 temperature	 range.	This	was	due	 to	 the	high	 carrier	
concentration	of	~1020/cm3	in	the	Ag	doped	alloy	(inset	of	Figure	2‐6a).	The	
corresponding	 carrier	 concentration	 (mainly	 due	 to	 the	 holes)	 is	
approximately	an	order	of	magnitude	higher	compared	to	other	dopants.	The	
power	 factor	 of	 Ag	 doped	 alloy	 has	 been	 reported	 nearly	 10	 times	 higher	
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compared	 to	 the	 undoped	 alloy.	 In	 cases	 of	 other	 dopants,	 no	 significant	
changes	were	observed.	Thus,	it	suggests	that	only	Ag	qualified	as	a	suitable	P‐
type	dopant	compared	to	other	dopants.	
	
Figure	2‐6							Variation	of	(a)	Seebeck	coefficient;	(b)	electrical	conductivity	as	
a	function	of	temperature	for	various	P	type	dopants	in	Mg2Sn	[31].	
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The	effect	of	Ag	doping	on	Mg2Sn	alloys	has	also	been	examined	[25,	29,	31].	
The	near	stoichiometric	Mg2Sn	alloys	doped	with	0.15,	0.5	and	1	at.%	(~0.3,	
~0.9	 and	 ~2	 wt.%	 respectively)	 Ag	 were	 prepared	 via	 vacuum	 melting	
followed	 by	 SPS	 method	 [25]	 and	 RF	 induction	 casting	 [29].	 The	
thermoelectric	properties	of	Ag	doped	alloys	are	compared	in	Figure	2‐7.	The	
unfilled	symbols	correspond	to	alloys	prepared	via	vacuum	melting	followed	
by	 SPS	 method	 and	 filled	 symbols	 correspond	 to	 alloys	 prepared	 via	 RF	
induction	casting	method.	The	thermoelectric	properties	of	undoped	alloys	are	
already	discussed	in	the	previous	section.	
Figure	 2‐7a	 shows	 the	 change	 in	 the	 Seebeck	 coefficient	 as	 a	 function	 of	
temperature.	The	observed	transition	of	Seebeck	coefficient	from	positive	to	
negative	for	undoped	alloys	in	Figure	2‐5a,	is	not	observed	for	Ag	doped	alloys.	
The	 Seebeck	 coefficient	 remained	 positive	 throughout	 the	 measurement	
temperature	 range.	 Interestingly,	 for	 both	 the	 synthesis	 techniques,	 the	
observed	 peak	 at	 higher	 temperatures	 for	 these	 alloys	 broadens	
systematically	 with	 an	 increase	 in	 Ag	 concentration.	 Thus,	 with	 a	 higher	
amount	 of	 Ag	 doping,	 high	 values	 of	 Seebeck	 coefficient	were	 reported	 for	
broader	temperature	range.	The	peak	of	Seebeck	coefficient	shows	that	p	type	
charge	 carriers	 (holes)	 begin	 to	 be	 exhausted	 and	 the	 following	 decrease	
signifies	the	dominance	of	intrinsic	condition	at	higher	temperatures	[29].		
Figure	2‐7b	shows	 the	change	 in	 the	electrical	 conductivity	as	a	 function	of	
temperature.	A	systematic	increase	in	the	electrical	conductivity	is	reported	
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with	 an	 increase	 in	 Ag	 doping	 concentration	 from	 0.15	 to	 1	 for	 both	 the	
synthesis	 methods.	 However,	 at	 respective	 doing	 level,	 the	 electrical	
conductivity	of	alloy	prepared	by	RF	induction	casting	is	higher	compared	to	
vacuum	melting	 followed	 by	 SPS	method.	 The	 temperature	 dependency	 of	
these	 alloys	 corresponds	 to	 the	 behaviour	 of	 typical	 degenerate	 (heavily	
doped)	semiconductors.	
Figure	2‐7c	shows	the	change	in	the	power	factor	as	a	function	of	temperature.	
A	significant	increase	in	power	factor	is	observed	in	Ag	doped	alloys	compared	
to	 undoped	 alloys.	 For	 vacuum	 melting	 followed	 by	 SPS	 alloys,	 a	 peak	
maximum	is	observed	at	323	K.	Whereas,	for	the	RF	induction	cast	alloys,	the	
peak	 maximum	 shift	 to	 higher	 temperatures	 with	 an	 increase	 in	 Ag	
concentration.	 It	 should	 be	 noted	 that	 for	 each	 Ag	 doping	 level,	 the	 RF	
induction	 prepared	 alloys	 displayed	 higher	 power	 factor	 compared	 to	
respective	vacuum	melting	followed	by	SPS	method	prepared	alloys.	For	1	at.	
%	 (~	 2	wt.	%)	Ag	 doping,	 the	 highest	 values	 reported	 for	 vacuum	melting	
followed	by	SPS	and	RF	induction	methods	are	~14	and	~23	(x	10‐4	Wm‐1K‐2)	
at	323	K	and	550	K	respectively.	
The	literature	on	the	effect	of	Ag	doping	on	Mg2Sn	based	alloys	prepared	with	
excess	 magnesium	 is	 only	 available	 for	 the	 alloys	 synthesised	 via	 vacuum	
melting	followed	by	SPS	method	[25,	26].	Figure	2‐8a	and	b	show	variation	of	
Seebeck	coefficient	and	electrical	 conductivity	along	with	power	 factor	as	a	
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function	of	temperature	for	Ag	doped	Mg2Sn	alloy	prepared	with	4	wt.%	excess	
Mg	over	the	stoichiometry	respectively.	
	
Figure	2‐7							Variation	of	a)	Seebeck	coefficient,	b)	electrical	conductivity	and	
c)	power	factor	as	a	function	of	temperature	for	Ag	doped	Mg2Sn	based	alloys	
[25,	29].	
It	 is	 clearly	 seen	 that	 Seebeck	 coefficient	 is	 unchanged	 due	 to	 Ag	 doping	
compared	to	undoped	alloy	except	for	a	sharp	decrease	at	350K.	The	electrical	
conductivity	increases	with	increase	in	Ag	doping	concentration	(inset	Figure	
2‐8b).	Still,	the	obtained	power	factor	was	of	the	order	of	10‐4	Wm‐1K‐2	(Figure	
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2‐8b).	The	reported	power	factor	was	unchanged	compared	to	the	undoped	
alloy.	However,	this	effect	is	not	studied	in	detail	and	the	literature	is	available	
only	to	the	addition	of	4	wt.%	magnesium.	In	addition,	currently,	no	reports	
are	available	on	the	effect	of	Ag	doping	on	Mg2Sn	based	alloys	prepared	with	
Mg	concentration	produced	via	casting.		
	
Figure	2‐8	 	 	 	 	 	 	 Variation	of	 a)	 Seebeck	 coefficient	 and	b)	power	 factor	 and	
electrical	conductivity	as	a	function	of	temperature	for	Mg2Sn	alloy	prepared	
with	4	wt.%	excess	Mg	[26].	
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Additionally,	there	are	some	inconsistencies	observed	in	the	highest	values	of	
reported	ZT	at	respective	doping	concentration	and	temperature	from	Table	
2‐1.	The	highest	ZT	reported	for	vacuum	melting	followed	by	SPS	method	was	
0.18	for	3	at.	%	(~5.6	wt.%)	Ag	doping	at	600	K	[26]	and	0.3	for	0.5	at.%	(~0.96	
wt.%)	Ag	doping	at	500	K	[30]	for	RF	induction	casting	method.		
	
2.2.3.3 La	doped	Mg2X	(Si,	Sn,	Ge)	alloys	
Ag	is	established	as	a	good	p‐type	dopant	for	Mg2Sn	based	alloys.	However,	for	
the	thermoelectric	module,	an	efficient	n‐type	dopant	is	also	necessary	[72].	
Lanthanum	 (La)	 has	 been	 reported	 as	 effective	 n‐type	 dopant	 in	 various	
systems	such	as	ZrNiSn	alloys	[32],	PbTe	alloys	[33],	SrTiO3	based	materials	
[34],	BaSnO3	 ceramics	 [35].	However,	 a	 limited	 literature	 is	 available	on	La	
doped	Mg	based	thermoelectric	alloys	[73‐75].	The	synthesis	procedures	and	
thermoelectric	properties	of	these	alloys	are	reviewed	in	the	current	section.	
Additionally,	it	should	be	noted	that	the	effect	of	La	doping	on	the	structural	
and	thermoelectric	performance	of	Mg2Sn	alloys	is	completely	unknown.		
La	 doped	 alloys	 have	been	prepared	by	powder	methods.	 Zhang	 et	 al.	 [73]	
prepared	Mg2‐xLaxSi0.58Sn0.42	(0	≤	x	≤0.015)	alloys	via	directly	melting	followed	
by	 ball	 milling.	 The	 alloys	 were	 melted	 under	 an	 argon	 atmosphere	 in	 an	
induction	furnace	following	homogenization	at	823	K	for	150	hours.	The	alloys	
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were	ball	milled	and	hot	pressed	at	973	K	under	a	pressure	of	80–100MPa	for	
2	hours.	These	alloys	were	prepared	with	10	wt.%	excess	Mg.	Saparamadu	et	
al.	[75]	synthesized	Mg2‐xLaxSn0.75Ge0.25	(x	=	0,	0.03,	0.04	and	0.05)	alloys	using	
ball	milling.	The	elements	were	ball	milled	 for	20	hours	and	hot	pressed	at	
1023	K	for	2	min.	These	alloys	were	prepared	with	3	at.%	excess	magnesium.	
The	thermoelectric	properties	of	both	the	alloy	systems	are	shown	in	Figure	
2‐9.	
Figure	 2‐9a	 and	 b	 show	 change	 of	 electrical	 conductivity	 and	 Seebeck	
coefficient	of	Lanthanum	doped	Mg2‐xLaxSi0.58Sn0.42	(x=0,	0.005	and	0.015)	and	
Mg2‐xLaxSn0.75Ge0.25		(x	=	0,	0.03,	and	0.05)	alloys	as	a	function	of	temperature	
respectively.	The	observed	electrical	conductivity	values	are	of	 the	order	of	
103	 Ω‐1m‐1	 for	 both	 the	 systems.	 In	 the	 case	 of	 Mg‐Si‐Sn	 system,	 a	 drastic	
increase	in	the	electrical	conductivity	is	observed	due	to	a	small	amount	of	La	
doping.	Further	increase	in	La	concentration	did	not	yield	improvement	in	the	
electrical	conductivity.	Whereas,	for	Mg‐Sn‐Ge	system,	a	systematic	increase	
in	 the	 electrical	 conductivity	 is	 observed	 with	 increase	 in	 La	 doping	
concentration.	The	 increment	 in	 the	electrical	 conductivity	due	 to	doping	 is	
less	significant	in	Mg‐Sn‐Ge	alloys	compared	to	Mg‐Si‐Sn	alloys.		
The	 Seebeck	 coefficient	 was	 observed	 to	 be	 negative	 throughout	 the	
temperature	range	for	both	the	alloy	systems	(Figure	2‐9b).	This	confirms	the	
n‐type	 nature	 of	 dopant	 La.	 The	 temperature	 dependency	 of	 Seebeck	
coefficient	 changed	 due	 to	 La	 doping.	 However,	 a	 decrease	 in	 the	 Seebeck	
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coefficient	was	recorded	in	La	doped	alloys	compared	to	respective	undoped	
alloys.	 Additionally,	 a	 higher	 decrement	was	 recorded	 in	Mg‐Sn‐Ge	 system	
compared	to	Mg‐Si‐Sn	system.		
	
Figure	2‐9							a)	Electrical	conductivity	and	b)	Seebeck	coefficient	of	undoped	
and	La	doped	Mg‐Si‐Sn	and	Mg‐Sn‐Ge	alloys	[73,	75].	
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The	observed	values	power	factor	(and	ZT)	of	La	doped	alloys	compared	to	
undoped	 alloys	 were	 higher	 for	 Mg‐Si‐Sn	 system	 and	 lower	 for	 Mg‐Sn‐Ge	
system.	For	Mg‐Si‐Sn	alloy,	 the	selective	doping	of	La	 in	the	grain	boundary	
phase	 (Mg2Sn	 coating	 layers)	 was	 believed	 to	 be	 the	 main	 reason	 for	 the	
observed	 increment	 in	 thermoelectric	 performance.	 For	 Mg‐Sn‐Ge,	 an	
unidentified	 impurity	 phase	 was	 believed	 to	 be	 the	 main	 reason	 for	 the	
observed	decrement	in	thermoelectric	performance.		
Additionally,	Zhou	et	al.	[74]	studied	the	effect	of	La	doping	on	Mg‐Si‐Ge	alloy	
along	with	Sb	doping.	LaxMg2‐xSi0.49Ge0.5Sb0.01	(x	=	0,	0.005,	0.01,	0.02)	alloys	
were	prepared	by	solid	state	reaction	followed	by	spark	plasma	sintering.	The	
synthesis	 steps	 involved	 cold	 pressing,	 annealing,	 grinding	 and	 SPS.	 These	
alloys	were	prepared	with	5	wt.%	excess	Mg.		
Figure	 2‐10a	 and	 b	 show	 variation	 of	 Seebeck	 coefficient	 and	 electrical	
conductivity	as	a	function	of	temperature.	For	all	the	alloys,	negative	Seebeck	
coefficient	 is	 observed	 for	 the	 entire	 temperature	 range	 indicating	 n‐type	
nature	of	La	dopant.	For	La	doping	till	x	=	0.01,	a	systematic	increase	in	the	
electrical	 conductivity	 and	 decrease	 in	 the	 Seebeck	 coefficient	 is	 observed.	
This	was	due	to	the	increase	in	the	charge	carrier	concentration	with	increase	
in	the	La	concentration.	However,	for	higher	doping	level	x=0.02,	a	decrease	in	
electrical	 conductivity	 and	 increase	 in	 Seebeck	 coefficient	 is	 observed.	This	
was	believed	to	be	due	to	the	formation	of	secondary	La	based	phase	(LaMg)	
in	the	alloy.	Therefore,	it	is	necessary	to	optimize	the	La	doping	concertation	
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since	 higher	 doping	 can	 produce	 a	 negative	 effect	 on	 the	 thermoelectric	
performance	of	the	alloys.	
Generally,	 La	 has	 proven	 to	 be	 a	 good	 n‐type	 dopant	 for	 various	 alloys.	
However,	 for	 Mg	 based	 thermoelectric	 materials,	 La	 doping	 has	 shown	
increment	in	the	thermoelectric	performance	of	Mg‐Si‐Sn	and	Mg‐Si‐Ge	alloys	
and	decrement	in	Mg‐Sn‐Ge	alloys.	It	is	also	necessary	to	optimize	La	doping	
concentration	since	excessive	doping	limits	the	thermoelectric	performance	of	
the	alloys.	Additionally,	as	previously	mentioned,	the	effect	of	La	doping	on	the	
thermoelectric	performance	of	Mg2Sn	alloys	is	completely	unknown.	It	should	
also	be	noted	that	for	all	reviewed	La	doped	Mg	based	alloys	[73‐75],	excess	
Mg	was	added	during	synthesis.	Though,	the	effect	of	excess	Mg	with	La	doping	
has	not	been	studied.				
	
Figure	2‐10				Change	in	(a)	Seebeck	coefficient,	and	(b)	Electrical	conductivity	
of	 Mg2‐xLaxSi0.49Ge0.5Sb0.01	 (x	 =	 0,	 0.005,	 01,	 0.02)	 alloys	 as	 a	 function	 of	
temperature	[74].	
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2.3 Effect	 of	 deformation	 on	 thermoelectric	
properties	
Thermoelectric	properties	are	influenced	by	plastic	deformation	process	[76‐
81].	 This	 occurs	 via	 the	 effect	 of	 deformation	 on	 microstructure	 (grain	
refinement	 and	 texture).	 It	 should	 be	 noted	 that	 there	 are	 not	 any	 reports	
available	 on	 the	 deformability	 and	 its	 effect	 on	 the	 thermoelectric	
performance	of	Mg2Sn	alloys.	Thus,	an	overview	of	the	effect	of	deformation	
on	the	thermoelectric	properties	of	other	materials	is	provided	in	this	section.		
		
2.3.1 Effect	of	grain	size	
Thermoelectric	performance	of	alloys	can	be	improved	via	reducing	the	grain	
size.	The	relation	between	lattice	thermal	conductivity	(lat)	and	grain	size	(d)	
of	a	polycrystalline	solid	can	be	given	as	[82,	83],		
1
ߣ௟௔௧ ∝
1
݀	
It	can	be	seen	that	the	lattice	thermal	conductivity	decreases	upon	reduction	
in	the	grain	size.	It	is	due	to	an	increase	in	the	phonon	scattering	at	the	grain	
boundaries.	This	results	into	a	reduction	of	the	overall	thermal	conductivity	of	
	 		
36	
	 	
the	material	which	is	beneficial	to	thermoelectric	performance	[84].	Rowe	et	
al.	[85]	found	that	the	lattice	thermal	conductivity	was	decreased	by	~28%	in	
hot‐pressed	polycrystalline	Si‐Ge	based	alloy	of	grain	size	less	than	5	m	when	
compared	with	the	thermal	conductivity	of	single	crystal.	
Satyala	 et	 al.	 [86]	 calculated	 the	 influence	 of	 reduction	 in	 grain	 size	 on	
transport	properties	of	nanostructured	Mg2Si.	Figure	2‐11	shows	variation	in	
the	 electrical	 and	 thermal	 conductivity	as	 a	 function	of	 grain	 size	at	850	K.	
Upon	decreasing	the	grain	size	below	20	nm,	a	sharp	decrease	in	electrical	and	
thermal	conductivity	was	predicted.	In	this	case,	a	systematic	increase	in	ZT	
was	predicted	with	a	decrease	in	the	grain	size	of	Mg2Si.	The	increase	in	the	
grain	boundary	scattering	is	responsible	for	the	observed	decrease.		
	
Figure	2‐11				Change	of	electrical	conductivity	and	thermal	conductivity	as	a	
function	of	grain	size	at	850K	for	nanostructured	Mg2Si	[86].	
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In	addition,	the	electronic	transport	properties	can	be	improved	using	grain	
boundaries.	The	preferential	scattering	of	 the	 low‐energy	charge	carriers	at	
the	grain	boundaries	can	enhance	Seebeck	coefficient	of	the	material	[87,	88].	
Kishimoto	et	al.	[89]	reported	nearly	30%	increase	in	the	Seebeck	coefficient	
in	 a	 sintered	 PbTe	 alloy	 with	 grain	 sizes	 ranging	 from	 10	 m	 to	 200	 nm.	
Additionally,	 a	 simultaneous	 reduction	 in	 thermal	 conductivity	 led	 to	 the	
improved	 value	 of	 ZT	by	 two	 times	when	 compared	 to	 the	 large	 grain	 size	
material.	
	
2.3.2 Effect	of	texture	and	direction	dependent	thermoelectric	
properties	
Evolution	 of	 crystallographic	 texture	 by	 deformation	 enhances	 the	
thermoelectric	 performance	 of	 materials.	 For	 various	 thermoelectric	
materials,	the	electronic	and	thermal	transport	properties	are	observed	to	be	
highly	anisotropic	[87].	To	attain	favourable	transport	direction	(properties),	
individual	 grains	 can	 be	 preferentially	 aligned	 by	 controlling	 the	
crystallographic	 texture.	Mikami	et	al.	 [41]	showed	that	preferably	oriented	
grains	along	c‐axis	increased	the	power	factor	of	textured	hot	forged	Ca3Co4O9	
by	approximately	6‐7	times.	
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In	addition,	direction	dependent	thermoelectric	properties	are	also	reported	
for	some	deformed	alloys.	Wang	et	al.	[90]	prepared	FeSb2	alloys	by	levitation	
melting	followed	by	spark	plasma	sintering	(SPS).	This	alloy	was	hot	deformed	
2	times	(HD1	and	HD2)	at	753	K	under	65	MPa	via	SPS.	Figure	2‐12	shows	
change	in	ZT	as	a	function	of	temperature	where	A	and	R	correspond	to	along	
axial	and	radial	directions	respectively.	It	can	be	seen	that	ZT	has	increased	
nearly	twice	for	HD2	sample	compared	to	SPS	sample.	It	should	also	be	noted	
that	higher	values	of	ZT	are	observed	along	the	axial	direction	compared	to	the	
radial	direction.	
	
Figure	2‐12				Temperature	dependences	of	ZT	of	the	FeSb2	bulk	samples	before	
and	after	hot	deformation	[90].	
Similarly,	Ohta	et	al.	[91]	prepared	Pb5Bi6Se14	alloys	via	solid	state	synthesis	
followed	by	application	of	uniaxial	pressure	of	30	MPa	at	823	K	for	2	hours	
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through	sintering.	Figure	2‐13	shows	the	temperature	dependence	of	ZT	in	the	
in‐plane	and	out‐of‐plane	directions.	The	reported	highest	ZT	at	705	K	in	in‐
plane	 and	 out‐of‐plane	 directions	 are	 0.34	 and	 0.46	 respectively.	 This	
difference	was	due	 to	 the	 interfaces	between	 the	PbSe	 layer	and	 the	Bi2Se3	
layer.	The	interfaces	effectively	scatter	the	charge	carriers	and	heat‐carrying	
phonons.	This	leads	to	a	decrease	in	electrical	resistivity	and	a	slight	increase	
in	lattice	contribution	to	thermal	conductivity	in	in‐plane	direction	compared	
out‐of‐plane	direction.	Interestingly,	the	Seebeck	coefficient	was	reported	to	
be	insensitive	to	crystal	orientation.	
	
Figure	2‐13				Temperature	dependence	of	the	thermoelectric	figure	of	merit	
(ZT)	 for	 the	 sintered	 compacts	 of	 Pb5Bi6Se14	 perpendicular	 (in‐plane)	 and	
parallel	(out‐of‐plane)	to	the	pressing	direction	[91].	
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2.3.3 Thermoelectric	 properties	 of	 alloys	 following	
deformation	processing	
The	 change	 in	 thermoelectric	 properties	 due	 to	 different	 deformation	
processes	 have	 been	 studied	 in	 various	 materials	 such	 as	 Bi2Te3	 [92‐94],	
Cobaltites	 [40,	 41],	 MnSi1.73	 [42],	 Al‐doped	 ZnO	 [95].	 Table	 2‐2	 lists	
thermoelectric	properties	of	materials	prior	and	after	deformation	processing.	
It	can	be	observed	that	electrical	conductivity	either	increased	or	decreased	
and	 Seebeck	 coefficient	 increased	 or	 remained	 unchanged	 after	 specific	
deformation	 process.	However,	 a	 decrease	 in	 the	 thermal	 conductivity	was	
reported	for	nearly	all	materials	except	hot	forged	Bi2Te3	[96].	The	different	
parameters	 such	 as	 grain	 refinement	 and	 texture	 (2.3.1	 and	 2.3.2)	 are	
responsible	for	these	observations	in	thermoelectric	properties.	In	each	case,	
irrespective	of	the	material	composition,	synthesis	method	and	deformation	
procedure,	 a	 unanimous	 increase	 is	 observed	 in	 ZT	 following	 deformation	
process.	As	illustrations,	three	cases	are	discussed	below.	
Figure	2‐14	shows	changes	 in	ZT	as	a	 function	of	 temperature	 for	different	
alloys	 before	 and	 after	 deformation	 [38,	 39,	 96].	 Xu	 et	 al.	 [38]	 prepared	
Bi0.3Sb1.7Te3	alloy	via	zone	melting.	The	highest	ZT	of	~0.84	was	reported	at	
400	K.	Then,	the	alloy	was	thermomechanically	processed	via	hot	deformation	
and	ZT	of	1.35	was	reported	following	deformation.		
	
41	
	
Table	2‐2								Effect	of	deformation	on	thermoelectric	properties	of	different	materials.
Reference Materials Deformation method 
Thermoelectric properties before and after deformation 
Seebeck coefficient 
(V/K) 
Electrical 
conductivity 
(102 Ω-1 m -1) 
Thermal 
conductivity         
(Wm-1K-1) 
ZT 
Before After Before After Before After Before After 
Wang et al. [90] FeSb2 Hot pressing -200 -195 1800 2400 11.8 5.6 0.01 0.021 
Zhu et al. [36] Bi0.5Sb1.5Te3 Hot deformation 230 275 800 400 1.5 1 0.9 1.05 
Hu et al. [37] Bi2Te2Se1 Hot pressing 185 182 400 700 0.81 0.58 0.6 1 
Lee et al. [97] 
90Bi2Te3-5Sb2Te3-
5Sb2Se3 + 0.05 wt.% 
SbI3 
Hot extrusion - - - - - - 0.49* 0.652 
Zhao et al. [96] 
 
Bi2Te3 
 
Hot forging -135 -160 1175 1212 0.95 1.1 0.95 1.2 
Xu et al. [38] Bi0.4Sb1.6Te3 Hot deformation 170 208 1500 1000 1.95 1.4 0.8 1.35 
Shen et al. [39] Bi0.5Sb1.5Te3 Hot forging 203 248 680 610 0.96 0.86 0.9 1.3 
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The	hot	deformation	 induced	donor	 like	effect	and	 increased	 lattice	defects	
(grain	boundaries).	The	 former	was	responsible	 for	 the	 increase	 in	Seebeck	
coefficient	and	latter	for	the	decrease	in	lattice	thermal	conductivity.		
Shen	et	al.	[39]	synthesised	Bi0.5Sb1.5Te3	via	melting	followed	by	hot	pressing	
at	623	K	(Figure	2‐14).	A	peak	ZT	of	~0.9	was	reported	at	300	K.	The	alloys	
were	hot	 forged	 at	 723	K	 and	 thermoelectric	 properties	were	measured	 in	
parallel	 and	 perpendicular	 to	 forging	 a	 direction.	 At	 300	 K,	 the	 highest	
reported	ZT	was	~1.3	reported	(shown	in	Figure	2‐14)	in	parallel	and	~1.24	
in	 perpendicular	 to	 the	 forging	 direction.	 A	 decrease	 in	 the	 carrier	
concentration	and	change	in	the	microstructure	at	nanoscale	were	reported	to	
be	reasons	for	the	increase	in	the	power	factor	and	ZT	following	hot	forging.		
In	 addition,	 a	 vital	 effect	 of	 processing	 temperature	 on	 the	 thermoelectric	
performance	 is	 also	 reported	 in	 the	 literature.	 Zhao	 et	 al.	 [96]	 applied	 hot	
forging	process	to	deform	Bi2Te3	alloy	prepared	using	ball	milling	followed	by	
SPS	(Figure	2‐14).	The	hot	forging	was	carried	out	at	673	K	and	733	K.	A	higher	
increase	in	Seebeck	coefficient	was	reported	for	the	alloy	hot	forged	at	733	K	
compared	to	673	K.	The	ZT	increased	from	0.94	of	SPS	sample	to	1.18	for	the	
sample	hot	forged	at	733	K	(Figure	2‐14).	This	was	due	to	reduced	donor‐like	
defects	at	a	higher	temperature.		
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Figure	2‐14				ZT	of	different	materials	before	and	after	deformation	[38,	39,	
96].	
In	 conclusion,	 for	 a	 vast	 range	 of	materials,	 deformation	 has	 proven	 to	 be	
beneficial	to	the	thermoelectric	performance.	However,	till	date,	there	are	not	
any	reports	available	on	the	deformability	and	its	effect	on	the	thermoelectric	
performance	of	Mg2Sn	based	alloys.	
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2.4 	Summary	 of	 literature	 review	 and	 scope	 of	
current	work	
Mg2Sn	based	thermoelectric	materials	are	relatively	cheap,	abundant	and	non‐
toxic.	 However,	 their	 thermoelectric	 performance	 is	 low	 compared	 to	
commercially	 available	 Pb	 and	 Te	 based	 materials.	 These	 alloys	 have	 the	
potential	for	improvement	both	in	the	alloy	synthesis	and	their	thermoelectric	
performance.	A	summary	of	gaps	in	the	literature	and	scope	of	current	work	is	
presented	below.	
1. Firstly,	the	major	problem	with	the	fabrication	of	Mg2Sn	alloys	is	the	high	
vapour	 pressure	 of	 magnesium.	 To	 compensate	 the	 Mg	 loss	 during	
casting,	 researchers	 have	 added	 Mg	 up	 to	 4	 wt.	 %.	 A	 drop	 in	 the	
thermoelectric	 performance	 of	 Mg2Sn	 alloys	 is	 reported	 due	 to	 the	
additional	magnesium.	However,	 a	 systematic	 investigation	 into	 this	
effect	is	lacking.	Thus,	this	research	work	focuses	on	studying	the	effect	
of	magnesium	 on	 structural	 and	 thermoelectric	 properties	 of	Mg2Sn	
alloys.	
	
2. Secondly,	doping	of	Ag	into	near	stoichiometric	Mg2Sn	alloy	showed	a	
significant	 increase	 in	 the	 thermoelectric	performance.	However,	 the	
effect	of	Ag	doping	along	with	Mg	on	the	thermoelectric	performance	of	
Mg2Sn	 based	 alloys	 produced	 via	 casting	 is	 completely	 unknown.	
	 		
45	
Hence,	 the	effect	of	magnesium	on	 the	 structural	 and	 thermoelectric	
performance	of	Ag	doped	Mg2Sn	alloys	is	examined.		
	
3. Thirdly,	the	deformation	of	several	thermoelectric	materials	exhibited	
a	significant	increase	in	the	figure	of	merit	(ZT)	by	grain	refinement	and	
texture	enhancement.	To	the	best	of	our	knowledge,	there	are	not	any	
reports	on	the	effect	of	deformation	processes	on	the	 thermoelectric	
properties	of	Mg2Sn	alloys.	Therefore,	in	the	present	study,	we	examine	
the	 deformability	 and	 its	 effect	 on	 structural	 and	 thermoelectric	
properties	of	Mg2Sn	alloys.	
	
4. Finally,	La	has	proven	a	good	n‐type	dopant	in	various	thermoelectric	
materials.	 However,	 the	 effect	 of	 La	 doping	 on	 structural	 and	
thermoelectric	 properties	 of	 Mg2Sn	 based	 alloys	 is	 completely	
unknown.	 Whereas,	 in	 the	 case	 of	 other	 La	 doped	 Mg	 based	
thermoelectric	 alloys,	 there	are	 some	contradictions	 since	La	doping	
proved	 beneficial	 in	 Mg‐Si‐Sn	 and	 Mg‐Si‐Ge	 alloys	 and	 degraded	
thermoelectric	 performance	 in	Mg‐Sn‐Ge	 alloys.	Additionally,	 though	
all	these	alloys	were	prepared	with	excess	Mg,	the	effect	of	magnesium	
with	La	doping	is	not	explored.	Thus,	a	systematic	study	of	the	effect	of	
La	doping	on	Mg2Sn	alloy	prepared	with	Mg	is	carried	out	in	this	work.		
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Chapter	3 Materials	and	methodologies	
In	this	chapter,	the	casting	procedure	and	the	characterisation	methods	used	
for	investigation	of	Mg2Sn	alloys	are	described.	Section	3.1	briefs	the	materials	
and	 radio	 frequency	 (RF)	 induction	 casting	 process.	 Section	 3.2	 describes	
structural	 characterisation	 techniques	 and	 the	 process	 of	 theoretical	
computation	 of	 phase	 diagrams	 for	 alloys	 under	 study.	 The	 compression	
testing	 and	 microstructural	 characterisation	 techniques	 are	 presented	 in	
sections	 3.3	 and	 3.4	 respectively.	 Finally,	 the	 thermoelectric	 properties	
measurement	techniques	are	detailed	in	section	3.5.	
	
3.1 Materials	and	RF	induction	casting	process	
	
3.1.1 Materials	
The	undoped	and	doped	Mg2Sn	based	alloys	were	cast	by	radio	frequency	(RF)	
induction	 casting	 method	 (see	 section	 3.1.2).	 Table	 3‐1	 shows	 the	
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nomenclature	 of	 the	 Mg‐Sn	 alloys	 fabricated.	 The	 composition	 of	 the	
stoichiometric	 Mg2Sn	 alloy	 is	 Mg–71wt.	 %	 Sn.	 The	 amount	 of	 magnesium	
added	to	the	crucible	on	top	of	the	stoichiometry	prior	to	melting	is	denoted	
as	Mg,	x,	 in	wt.	%.	The	added	concentrations	of	dopants	 (Ag	and	La)	 in	 the	
alloys	are	shown	in	respective	wt.	%.	
	 Nomenclature	 Mg														(x	–	wt.	%)	
Dopant	
(y‐wt.	%)	
Undoped	 xMg	 2	 0	6.7	
Ag	doped	
xMg(0.3Ag)	
2	
0.3	
4.5	
6.7	
8.8	
10.8	
xMg(2Ag)	 2	 2	6.7	
La	doped	 xMg(yLa)	
2	
2.5	
4.8	
7.1	
6.7	
2.5	
4.8	
7.1	
Table	3‐1								Nominal	compositions	of	Mg2Sn	alloys	under	current	study.	
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3.1.2 Induction	casting	methodology	
The	radio	frequency	(RF)	induction	casting	was	carried	out	in	a	PSI	made	melt	
spinner.	 Figure	 3‐1a	 and	 b	 show	 the	 schematic	 and	 the	 vacuum	 induction	
furnace	 respectively.	 The	 high	 pure	 metals	 were	 mixed	 in	 the	 desired	
compositions	(see	Table	3‐1)	 in	a	boron	nitride	crucible.	To	account	 for	the	
loss	of	Mg	due	to	high	vapour	pressure,	Mg,	x	(wt.	%)	was	added	in	the	crucible	
prior	 to	 melt.	 The	 BN	 crucible	 was	 then	 placed	 in	 a	 graphite	 susceptor	
suspended	inside	a	water‐cooled	RF	copper	coil.	The	crucible	assembly	was	
housed	inside	a	steel	chamber.	The	chamber	was	evacuated	to	a	pressure	of	
10‐3	torr	(mmHg)	and	then	was	backfilled	with	argon	to	750	torr	in	three	argon	
purges.	 The	 induction	 coils	 were	 heated	 by	 turning	 on	 the	 RF	 power.	 The	
temperature	of	the	metal	reached	~1123	K	(~850	°C)	within	approximately	3	
minutes.	 After	 a	 holding	 time	 of	~	 1	minute,	 the	 RF	 power	was	 turned	 off	
thereby	allowing	the	melt	to	cool	down	in	the	furnace.	Following	cooling	in	the	
crucible,	circular	cast	billets	of	30	mm	in	diameter	and	~20	mm	in	height	were	
produced.		
	
3.2 Structural	 characterisation	 methods	 and	
theoretical	computation	of	phase	diagrams	
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Figure	3‐1	 	 	 	 	 	 	 a)	Schematic	of	 the	Radio‐Frequency	 (RF)	 induction	casting	
machine	and	b)	induction	furnace	used	in	the	present	study.	
	
3.2.1 Bulk	Composition	
The	final	composition	of	one	of	the	alloy	was	verified	using	inductively	coupled	
plasma	atomic	emission	spectroscopy	(ICP‐AES).	The	chemical	composition	of	
10.8Mg(0.3Ag)	is	shown	in	Table	3‐2.	
Sample	 Mg	wt.%	 Sn	wt.%	 Ag	wt.%	 O	wt.%	
10.8Mg(0.3Ag)	 38.5	 61.3	 0.3	 <0.01	
Table	3‐2								Chemical	composition	of	10.8Mg(0.3Ag)	alloy.	
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3.2.2 X‐ray	diffraction	(XRD)	measurement	
The	 structural	 properties	 and	 the	 evolution	 of	 phases	 in	 the	 alloys	 were	
studied	 using	 X‐ray	 diffraction	 technique.	 The	 XRD	 measurements	 were	
performed	 on	 a	 Philips	 X’pert	 PRO	 XRD	 ML	 diffractometer	 utilising	 Cu	 K	
radiation	operating	at	a	voltage	of	40	kV	and	30	mA.	From	the	peak	matching,	
the	phases	‐	Mg2Sn	(ICDD:	04‐013‐9863)	and	Mg	(ICDD:	00‐035‐0821)	were	
identified.	
The	XRD	measurements	were	done	in	a	line	focusing	geometry.	The	diffraction	
geometry	was	calibrated	using	the	silicon	standard	(SRM	640c)	from	National	
Institute	 of	 Standards	 and	 Technology	 (NIST)	 [98].	 Following	 the	 proper	
alignment	 of	 the	 sample	 to	 the	 X‐ray	 beam,	 the	 fine	 calibration	 of	 the	
instrument	was	done	by	 refining	 the	specimen	displacement	 (SD)	and	Zero	
error	 (ZE)	 using	 the	 unit	 cell	 refinement	 by	 Pawley	 method	 using	 TOPAS	
profile	fitting	software	[99].	The	peak	profiles	of	the	alloys	under	investigation	
were	modelled	using	a	Pseudo‐Voigt	profile	fitting	function	to	extract	the	peak	
position	(2),	FWHM	and	intensity	(I).		Due	to	the	large	grain	sizes	in	the	cast	
alloy,	 samples	 were	 oscillated	 perpendicular	 to	 the	 scattering	 vector	 to	
improve	the	grain	statistics.		
The	 lattice	parameters	were	 calculated	by	 single	 peak	 refinement	 from	 the	
corrected	peak	positions	[100].	A	nonlinear	least	square	refinement	over	the	
observed	 hkl	 reflections	 and	 the	 corresponding	 d‐spacing	 gives	 the	 lattice	
parameters.	
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For	a	cubic	phase	(Mg2Sn),	the	relation	between	hkl	and	dcubic	is	given	by	
																																															 ଵୢౙ౫ౘ౟ౙమ ൌ 	
୦మା	୩మା୪మ
ୟౙ౫ౘ౟ౙమ
																																																										(3‐1)	
For	a	hexagonal	phase	(Mg),	the	relation	between	hkl	and	dhex	is	given	by	
																																							 ଵୢ౞౛౮మ ൌ
ସ
ଷ ൬
୦మା୦୩ା	୩మ
ୟ౞౛౮మ
൰ ൅ ୪మୡ౞౛౮మ 																																												(3‐2)	
	
3.2.3 Theoretical	computation	of	phase	diagrams	
The	theoretical	phase	diagrams	and	the	corresponding	phase	fractions	were	
computed	 using	 Computherm’s	 “PanPhaseDiagram”	 Software	 [101].	 A	
thermodynamic	database	is	a	prerequisite	to	accomplishing	such	calculations.	
It	 is	to	note	that,	a	thermodynamic	database	denotes	a	set	of	self‐consistent	
Gibbs‐energy	functions	with	optimised	thermodynamic	model	parameters	for	
all	the	phases	in	a	provided	system	[101].		
In	the	current	study,	“PanMagnesium”	database	was	used	to	calculate	isopleths	
of	 Mg‐Sn	 and	 Mg‐Sn‐Ag	 phase	 diagrams	 and	 phase	 fractions	 of	 different	
phases.	As	an	example,	 a	 screenshot	of	 the	dialogue	box	used	 to	 set	up	 the	
calculation	conditions	for	Mg‐Sn‐Ag	system	is	shown	in	Figure	3‐2.	
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Figure	3‐2							Screenshot	of	the	Panphasediagram	software.	
	
3.3 Compression	test	
The	alloys	under	investigation	were	deformed	via	compression.	Cube	samples	
having	 dimensions	 of	 5×5×5	 and	 20×20×20	 mm	 were	 prepared	 for	 the	
compression	test.	The	compression	tests	were	carried	out	with	Instron	5567	
having	a	load	cell	of	30	kN	for	5×5×5	mm	samples	and	Instron	8801	having	a	
load	cell	of	100	kN	for	20×20×20	mm	samples.	Figure	3‐3a	and	b	show	the	hot	
compression	rig	that	enables	high	temperature	compression	test	up	to	723	K	
(450	 °C)	 attached	 with	 Instron	 8801	 and	 one	 of	 the	 compression	 sample	
dimension	respectively.	
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The	true	stress	(σs)	and	true	strain	(ε)	were	calculated	using	below	equations.		
																																															σୱ ൌ 	 ቀ ୊୅౥ቁ ቀ
୦౟
୦౥ቁ																																																			(3‐3)	
																																																		ϵ ൌ ln	 ቀ୦౥୦౟ቁ																																																								(3‐4)	
Where	F	is	the	load,	Ao	is	the	initial	area	of	the	sample,	ho	is	the	initial	height	
and	hi	is	the	instantaneous	height	of	the	sample.		
	
Figure	 3‐3	 	 	 	 	 	 	 a)	 Hot	 compression	 rig	 and	 b)	 dimension	 of	 one	 of	 the	
compression	sample.	
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3.4 Metallography	and	Microstructures		
	
3.4.1 Sample	preparation	
For	the	microstructural	observations,	samples	were	cut	using	Struers	Accutom	
cutting	machine.	Then,	1200	grit	SiC	papers	were	used	to	grind	the	samples.	
This	was	followed	by	polishing	using	6	and	3	μm	diamond	suspension	for	3	
minutes	and	colloidal	 silica	suspension	 for	90	seconds.	After	each	polishing	
step,	 the	samples	were	cleaned	using	distilled	water	and	ethanol.	As	a	 final	
step,	 the	 samples	 were	 ultrasonically	 cleaned	 in	 ethanol	 to	 remove	 any	
residual	silica	particles	left	on	the	surface.	
	
3.4.2 Scanning	electron	microscopy		
The	microstructures	of	 the	alloys	were	 imaged	by	 imaging	 in	a	Zeiss	Supra	
55VP	field	emission	SEM	operating	at	20	keV.	The	secondary	electron	detector	
(SE)	and	Angle	selective	Backscatter	(AsB)	detector	were	used	to	investigate	
the	microstructure	of	as	cast	and	deformed	alloys.	The	AsB	detector	in	SEM	is	
sensitive	to	crystal	orientation	and	atomic	contrast	[102].	This	was	specifically	
used	 to	evaluate	 the	substructure	 formed	 in	 the	Mg2Sn	phase	 following	hot	
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deformation.	 The	 subgrain	 size	was	 calculated	 using	mean	 linear	 intercept	
method	using	these	images.		
The	 elemental	 composition	 of	 Mg,	 Sn,	 Ag	 and	 La	 in	 different	 phases	 were	
studied	using	Energy	Dispersive	X‐ray	Spectroscopy	(EDS)	mode	in	SEM.	The	
EDS	measurements	were	carried	out	at	10	keV.		
	
3.4.3 Electron	backscatter	diffraction	
The	electron	backscatter	diffraction	(EBSD)	maps	were	performed	on	selected	
alloys	to	study	the	evolution	of	subgrains	and	the	respective	orientation.	The	
measurements	were	done	on	LEO	1530	field	emission	SEM	using	the	OXFORD	
Aztec	 software.	 The	 EBSD	maps	were	 post	 processed	 using	HKL	 channel	 5	
software	to	study	the	evolution	of	grains	and	subgrains,	grain	and	subgrain	
size,	 and	 misorientations	 in	 the	 cast	 and	 deformed	 alloys.	 The	 grain	 and	
subgrain	size	were	calculated	using	mean	linear	intercept	method.	
	
3.5 Thermoelectric	properties	measurements		
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The	 measurements	 of	 the	 fundamental	 thermoelectric	 properties	 (Seebeck	
coefficient,	 electrical	 conductivity,	 and	 thermal	 conductivity)	 are	 crucial	 for	
understanding	 the	 thermoelectric	 performance	 of	materials.	 In	 the	 current	
study,	the	electrical	conductivity	and	Seebeck	coefficient	were	measured	using	
ZEM	3	(ULVAC‐RIKO).	The	thermal	conductivity	was	measured	using	LFA‐457	
(Netzsch).	
	
3.5.1 Electrical	conductivity	measurement	
The	electrical	conductivity	(or	resistivity)	of	the	alloys	under	investigation	was	
studied	via	four	probe	method	using	ZEM	3	of	ULVAC‐RIKO.	Figure	3‐4a	and	b	
show	ZEM	3	employed	in	the	current	study	and	the	schematic	illustration	of	
electrical	 conductivity	 measurement	 respectively.	 The	 test	 sample	 is	 held	
between	 the	 two	electrodes.	The	electric	 current	 is	passed	 through	 the	 test	
sample	 via	 the	 top	 and	 the	 bottom	 electrodes	 and	 the	 resultant	 voltage	 is	
measured	using	the	two	spring	loaded	probes	touching	the	test	sample.	The	
spring‐loaded	 probes	 ensure	 that	 a	 proper	 contact	 is	 maintained	 on	 the	
sample.	 The	 same	probes	 are	 also	 used	 to	measure	 the	 temperature	 of	 the	
sample.	To	study	the	change	in	electrical	conductivity/resistivity	as	a	function	
of	temperature,	the	test	assembly	was	placed	in	a	vacuum	furnace	filled	with	
helium.		
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Figure	 3‐4	 	 	 	 	 	 	 a)	 ZEM	 3	 (ULVAC‐RIKO)	 used	 in	 the	 present	 study	 and	 b)	
schematic	of	electrical	conductivity	measurement.	
The	electrical	resistivity	(ρ)	of	material	is	defined	using	the	following	equation,		
																																										R ൌ ஡୪୅																																																			(3‐5)	
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Where	R	is	the	electrical	resistance,	l	is	the	distance	between	two	probes	and	
A	is	the	area	of	cross	section	of	the	test	specimen.	The	electrical	resistance,	R	
is	 given	by	Ohms	 law,	V=IR.	 The	distance	 between	 two	probes	was	 chosen	
either	3	or	8	mm	depending	on	the	height	of	the	test	sample.	The	inverse	of	
electrical	resistivity	was	taken	as	electrical	conductivity.	
In	 addition,	 to	 assure	 good	 ohmic	 contact,	 I‐V	 characteristic	 of	 every	 test	
sample	was	carried	out	before	each	test.	As	an	example,	I‐V	plot	of	the	standard	
constantan	sample	is	shown	in	Figure	3‐5.	For	this	measurement,	the	currents	
were	 passed	 in	 various	 steps	 and	 respective	 voltages	were	measured.	 The	
accuracy	 of	 the	 data	 can	 be	 ascertained	 from	 the	 slope	 of	 the	 I‐V	 curve.	
Generally,	R2	≈	0.999	was	achieved.	
	
Figure	3‐5							I‐V	plot	of	the	standard	constantan	sample.	
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3.5.2 Seebeck	coefficient	measurement	
In	 addition	 to	 the	 measurement	 of	 electrical	 conductivity,	 the	 changes	 of	
Seebeck	coefficient	of	the	alloys	were	measured	simultaneously	as	a	function	
of	temperature.	Figure	3‐6a	shows	the	schematic	 illustration	of	the	Seebeck	
coefficient	measurement.	The	Seebeck	 coefficient	 is	measured	by	 recording	
the	change	in	voltage	(V)	due	to	the	thermal	gradient	(T).	It	is	given	by	S	=	
V/T.	 In	 order	 to	 create	 a	 thermal	 gradient	 in	 the	 sample,	 the	 heater	
connected	to	the	bottom	electrode	is	used	to	heat	the	sample	from	one	side.	
The	difference	in	the	temperatures	measured	by	the	two	probes	is	taken	as	T.	
At	 a	 particular	 furnace	 temperature,	 the	 Seebeck	 coefficient	was	measured	
from	the	slope	of	V‐T	curve	as	illustrated	in	Figure	3‐6b.	
	
3.5.3 Thermal	conductivity	measurement	
Figure	3‐7a	shows	LFA‐457	of	Netzsch	used	in	the	current	study	to	measure	
thermal	 diffusivity	 and	 heat	 capacity.	 From	 the	 above	 properties,	 thermal	
conductivity	was	calculated	using	the	below	equation.	
																																																	λ ൌ α	. C୮	. d																																							(3‐6)	
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Here,		is	the	thermal	conductivity,	is	the	thermal	diffusivity,	ܥ௣	is	the	heat	
capacity	and	d	is	the	density.	The	density	of	each	test	sample	was	measured	
using	Archimedes	principle.	
	
Figure	 3‐6	 	 	 	 	 	 	 a)	 Schematic	 illustration	 of	 the	 instrument	 setup	 for	 the	
measurement	of	Seebeck	coefficient	and	b)	calculation	of	Seebeck	coefficient	
using	the	slope	of	the	V‐T	curve.	
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The	LFA	457	works	on	the	laser	flash	analysis	method	introduced	by	Parker	in	
1961	 [103].	 The	 schematic	 of	 the	 technique	 is	 shown	 in	 Figure	 3‐7b.	 The	
method	 is	 based	 on	 the	 analysis	 of	 a	 short	 laser	 pulse	 detected	 with	 IR	
detector.	The	laser	source	is	placed	on	one	side	of	the	sample.	When	the	laser	
pulse	 is	 shot,	 the	 side	 of	 the	 sample	 facing	 laser	 source	 is	 heated	 up.	 The	
temperature	 change	 of	 the	 sample	 and	 time	 is	 detected	 with	 an	 Infrared	
detector	placed	on	another	side	of	the	sample.	The	typical	detector	signal	is	
shown	in	Figure	3‐7c.	From	the	signal,	the	thermal	diffusivity	(is	given	by,						
																																											α ൌ 0.1388	 ୠమ୲భ/మ																																																	(3‐7)	
Here,	b	is	the	thickness	of	the	sample	and	t1/2	is	half	time	taken	for	the	signal	
to	 reach	 the	 maximum.	 For	 accuracy	 and	 reliability,	 the	 average	 of	 five	
measurements	was	taken	at	each	temperature.	
The	heat	capacity	of	the	test	sample	was	determined	using	the	same	detector	
signal.	 For	 this	 purpose,	 an	 additional	 simultaneous	 measurement	 was	
performed	 on	 the	 standard	 (reference)	 Inconel	 600	 sample	 with	 each	 test	
sample.	The	Cp	was	calculated	by	comparing	 the	peak	maximum	of	 the	 test	
sample	 to	 the	 standard	 sample.	 For	 these	measurements,	 same	parameters	
(laser	voltage,	time	and	temperature)	are	used	for	the	reference	and	the	test	
sample.	Since	the	 laser	pulse	 is	equal	to	both,	 the	total	energy	 is	also	equal.	
Thus,	Q	sample	=	Q	reference.	The	energy	(Q)	can	be	given	as,	
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																																													Q ൌ 	m. ܥ௣. T																																										(3‐8)	
Here,	m	is	mass	of	sample	and	T	is	the	temperature.	Since	the	energy	is	equal	
to	the	reference	and	the	sample,	the	above	equation	can	be	written	as	below,	
										C୮౩౗ౣ౦ౢ౛ ൌ 			
୫౨౛౜౛౨౛౤ౙ౛		.		େ౦౨౛౜౛౨౛౤ౙ౛.		୘౨౛౜౛౨౛౤ౙ౛
୫౩౗ౣ౦ౢ౛.		୘౩౗ౣ౦ౢ౛ 																(3‐9)	
For	the	calculation,	the	mass	is	replaced	with	density	and	volume.	The	density	
and	the	volume	of	the	sample	were	measured	prior	to	each	test.	
	
Figure	3‐7							a)	LFA	457	(Netzsch),	b)	principle	of	LFA	method	and	c)	typical	
detector	signal	(Image	credit	for	b	and	c:	Netzsch	corporation).	
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Chapter	4 Structural	 and	 thermoelectric	
behaviour	of	undoped	 and	Ag	
doped	cast	Mg2Sn	based	alloys	
This	 chapter	 presents	 the	 effect	 of	 magnesium	 on	 structural	 and	
thermoelectric	properties	of	undoped	and	Ag	doped	cast	Mg2Sn	based	alloys.	
The	 alloys	 were	 prepared	 using	 RF	 induction	 casting	 (section	 3.1.2)	 and	
nominal	 composition	 of	 alloys	 are	 provided	 in	 Table	 3‐1.	 This	 chapter	 is	
divided	 into	 three	 sections.	 The	 first	 section	 presents	 the	 investigations	 of	
undoped	(xMg;	x	=	2,	6.7)	and	0.3	wt.	%	Ag	doped	(xMg(0.3Ag);	x	=	2,	4.5,	6.7,	
8.8,	10.8)	alloys.		The	second	section	describes	the	investigations	of	2	wt.	%	Ag	
doped	 (xMg(2Ag);	 x	 =	 2,	 6.7)	 alloys.	 The	 results	 are	 discussed	 in	 the	 third	
section.	
	
4.1 Effect	of	Mg	on	undoped	and	0.3	wt.	%	Ag	doped	
Mg2Sn	alloys	
Section	 4.1.1	 describes	 theoretically	 computed	 pseudo	 phase	 diagram	 of	
undoped	 and	 Ag	 doped	 alloys.	 It	 is	 followed	 by	 a	 description	 of	 XRD	 and	
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microstructural	analysis	in	sections	4.1.2	and	4.1.3	respectively.	Section	4.1.4	
presents	the	thermoelectric	properties	of	undoped	and	Ag	doped	alloys.		
	
4.1.1 Pseudo	phase	diagram	
Figure	 4‐1	 shows	 the	 pseudo	 phase	 diagram	 of	 xMg/xMg(0.3Ag)	 alloys	
calculated	 using	 PanPhaseDiagram	 software	 [101],	 where	 x	 is	 the	 weight	
percentage	of	magnesium	added	over	the	stoichiometry.	The	vertical	lines	in	
the	 figure	 correspond	 to	 the	 compositions	of	 the	alloys.	 It	 is	 clear	 from	 the	
phase	diagram	that	at	temperatures	below	the	eutectic	temperature	(~840	K),	
the	 alloy	 consists	 of	 two	 phases.	 They	 are	Mg2Sn	 and	Mg	 phases	with	 face	
centered	cubic	(FCC)	and	hexagonal	crystal	structures	respectively.	The	phase	
diagram	 did	 not	 show	 any	 Ag‐Mg	 phase.	 Further,	 it	 is	 to	 note	 that	 in	 the	
temperature	 ranges	 of	 interest	 for	 thermoelectric	measurements,	 no	 other	
phases	were	identified	from	the	phase	diagram.	
	
4.1.2 X‐ray	diffraction	(XRD)	analysis	
Figure	4‐2a	and	b	show	the	XRD	patterns	of	undoped	and	0.3	wt.	%	Ag	doped	
as	cast	alloys	respectively.	From	the	peak	matching,	the	phases	‐	Mg2Sn	(ICDD:	
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04‐013‐9863)	and	Mg	(ICDD:	00‐035‐0821)	were	 identified.	Choi	et	al.	 [31]	
observed	MgAg	 inter‐metallic	 phase	 for	 Ag	 compositions	 above	 5.8	 wt.	 %.	
However,	 due	 to	 the	 low	 silver	 concentrations	 (~0.3	 wt.	 %),	 no	 peaks	
corresponding	to	MgAg	phase	were	found.	It	is	clear	from	the	figure	that	the	
intensities	 of	 magnesium	 XRD	 reflections	 increased	 with	 increase	 in	 the	
concentration	 of	 magnesium,	 x,	 signifying	 the	 increase	 in	 the	 fraction	 of	
magnesium	phase	in	the	alloy.	Further,	the	reference	intensity	ratios	(RIR)	of	
XRD	reflections	of	magnesium	correspond	to	the	standard	data	indicating	the	
randomly	 oriented	 texture	 in	 magnesium.	 On	 the	 other	 hand,	 the	 XRD	
reflections	of	Mg2Sn	did	not	 follow	the	RIR	values.	This	could	be	due	to	the	
orientation	of	the	large	cast	grains	in	the	irradiated	area.		
	
Figure	4‐1							Pseudo	phase	diagram	of	xMg	and	xMg(0.3Ag)	alloys.	
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The	 lattice	 parameters	 of	Mg2Sn	 and	Mg	 phases	were	 calculated	 using	 the	
methodology	described	in	section	3.2.2.	The	change	in	the	lattice	parameters	
‘a’	of	Mg2Sn	and	‘a’,	 ‘c’	of	Mg	phases	as	a	function	of	Mg	concentration	(x)	is	
shown	 for	 undoped	 and	Ag	 doped	 alloys	 in	 Figure	 4‐3a	 and	 Figure	 4‐3b,	 c	
respectively.	The	standard	lattice	parameters	of	these	phases	are	shown	with	
blue	dotted	lines.	It	is	clear	from	Figure	4‐3a	that	the	lattice	parameter	‘a’	of	
Mg2Sn	phase	was	unchanged	with	an	increase	in	the	Mg	concentration	for	both	
undoped	and	Ag	doped	 alloys.	 In	 addition,	 any	 effect	 of	Ag	doping	was	not	
observed	on	the	lattice	parameter	‘a’	of	Mg2Sn	phase.		
On	the	other	hand,	it	can	be	seen	from	Figure	4‐3b	that	the	lattice	parameter	
‘a’	of	Mg	phase	increased	steadily	with	the	increase	in	the	Mg	concentration	for	
both	 undoped	 and	 Ag	 doped	 alloys.	 Whereas,	 the	 lattice	 parameter	 ‘c’	 of	
undoped	 alloys	 remained	 unchanged	with	 an	 increase	 in	Mg	 concentration	
(Figure	4‐3c).	However,	in	the	case	of	Ag	doped	alloys,	the	lattice	parameter	‘c’	
increased	 with	 increase	 in	 Mg	 concentration	 from	 x	 =	 2	 to	 6.7	 and	 then	
remained	unchanged	with	further	increase	in	the	Mg	concentration.	The	big	
uncertainty	 in	 the	 lattice	 parameters	 of	 the	Mg	 phase	 for	 undoped	 and	 Ag	
doped	2Mg	alloys	was	due	to	the	small	intensities	of	Mg	peaks	compared	to	Ag	
doped	 10.8Mg	 alloy	 (Figure	 4‐3d).	 Additionally,	 the	 lattice	 parameters	 of	
undoped	alloys	remained	higher	over	the	Ag	doped	alloys	for	all	values	of	x.	
The	 contraction	 of	 Mg	 lattice	 (parameter	 ‘a’)	 in	 the	 presence	 of	 Ag	 was	
reported	by	Raynor	[104].	This	suggests	the	segregation	of	Ag	dopant	in	the	
Mg	phase	instead	of	Mg2Sn	phase.	
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Figure	4‐2							X‐ray	diffraction	patterns	of	a)	xMg	and	b)	xMg(0.3Ag)	alloys.	
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Figure	 4‐3	 	 	 	 	 	 	 Lattice	 parameter	 changes	 as	 a	 function	 of	 magnesium	
concentration	x	for	(a)	‘a’	in	Mg2Sn	phase;	(b)	‘a’	and	(c)	‘c’	in	Mg	phase	of	xMg	
and	 xMg(0.3Ag)	 alloys;	 (d)	 Mg	 phase	 peak	 comparison	 of	 2Mg(0.3Ag)	 and	
10.8Mg(0.3Ag)	alloys.	
	
4.1.3 Microstructural	analysis	
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The	microstructures	 of	 undoped	 and	 Ag	 doped	Mg2Sn	 alloys	 are	 shown	 in	
Figure	4‐4.	The	bright	and	dark	regions	correspond	to	Mg2Sn	and	Mg	phases	
respectively.	 The	 dark	 regions	 corresponding	 to	 the	 magnesium	 phase	
increased	 with	 increase	 in	 the	 magnesium	 concentration	 (x).	 The	 phase	
fraction	was	calculated	using	the	procedure	discussed	in	section	3.4.2.	Based	
on	the	image	analysis,	the	area	fraction	of	Mg	phase	is	~	3.5	and	~26	%	for	
2Mg	 and	 10.8Mg(0.3Ag)	 alloys	 respectively.	 This	 is	 in	 agreement	 with	 the	
theoretical	 phase	 fractions	 calculated	 using	 PanPhaseDiagram	 software	
(Figure	4‐1).	It	is	also	noticed	that	the	low	additions	of	silver	did	not	influence	
the	fraction	of	magnesium	phase	in	the	cast	alloys.		
The	variation	 in	 the	elemental	composition	of	cast	alloys	was	studied	using	
energy	dispersive	X‐ray	spectroscopy	(EDS).	The	elemental	composition	map	
from	selected	region	of	10.8Mg(0.3Ag)	alloy	is	shown	in	Figure	4‐5.	In	the	map,	
red	 and	 green	 colours	 represent	 Sn	 and	 Mg	 respectively.	 As	 expected,	 the	
bright	regions	showed	a	significant	fraction	of	Sn	and	a	relatively	weak	fraction	
of	Mg.	Whereas	 the	dark	 regions	consist	of	predominantly	magnesium.	The	
variation	 of	 Ag	 was	 not	 clearly	 observed	 in	 EDS	 map	 due	 to	 the	 low	
concentration	 in	 the	 alloy.	 Thus,	 for	 the	 determination	 of	 Ag,	 line	 EDS	
measurement	was	carried	out.	The	elemental	variation	of	Mg,	Sn,	and	Ag	along	
a	line	scan	in	the	as‐cast	10.8Mg(0.3Ag)	alloy	is	shown	in	Figure	4‐6.		
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Figure	4‐4							Microstructures	of	xMg	and	xMg(0.3Ag)	alloys	with	magnesium	
concentrations	of	a	)	2,		b)	6.7	and	c)	2,		d)	10.8	wt.	%	respectively.	
	
Figure	4‐5							EDS	map	of	as	cast	10.8Mg(0.3Ag)	alloy.	
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It	is	clearly	seen	that	the	dark	regions	showed	more	fractions	of	magnesium	
whereas	the	bright	regions	contain	more	tin.	The	elemental	concentrations	of	
these	regions	correspond	to	Mg	and	Mg2Sn	phases	respectively.	The	relative	
counts	of	Ag	are	observed	to	be	high	in	Mg	phase	compared	to	Mg2Sn	phase	in	
which	 no	 Ag	 counts	 are	 observed	 for	 the	 as‐cast	 alloy.	 This	 confirms	 the	
segregation	of	Ag	in	the	Mg	phase.	
	
Figure	4‐6							EDS	line	spectra	of	as	cast	10.8Mg(0.3Ag)	alloy.	
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4.1.4 Thermoelectric	properties	
Figure	4‐7	shows	the	thermoelectric	properties	measured	during	heating	and	
cooling	cycles	of	undoped	and	0.3	wt.%	Ag	doped	alloys.	The	open	symbols	
correspond	to	the	heating	curve	and	the	filled	symbols	correspond	to	the	data	
recorded	during	cooling.	For	clarity,	the	data	corresponding	to	8.8Mg(0.3Ag)	
is	 omitted	 from	 the	plot,	 but	note	 that	 it	 lies	 in	between	6.7Mg(0.3Ag)	 and	
10.8Mg(0.3Ag).		
Figure	4‐7a	and	b	show	the	change	in	the	electrical	conductivity	as	a	function	
of	temperature	for	xMg	and	xMg(0.3Ag)	alloys	respectively.	It	can	be	seen	that	
at	323	K	(~50	°C),	 the	electrical	conductivity	of	 the	as‐cast	alloys	 increased	
with	increase	in	the	magnesium	concentration.	The	electrical	conductivity	of	
the	alloys	with	low	magnesium	concentration	(2Mg	and	2Mg(0.3Ag))	is	~1.3	x	
105	 and	 this	 increased	 to	 ~12	 x	 105	 Ω‐1m‐1	 for	 10.8Mg(0.3Ag)	 alloy.	 Upon	
heating	the	2Mg	cast	alloy	up	to	420	K	(~150	°C),	the	conductivity	of	the	alloy	
decreased	 slightly.	 With	 further	 heating	 up	 to	 700	 K	 (~430	 °C)	 the	
conductivity	remained	unchanged.	The	initial	decrease	in	the	conductivity	may	
be	due	to	the	transition	between	the	extrinsic	to	intrinsic	conduction	driven	
by	thermal	activation	[28].	In	the	case	of	alloy	doped	with	silver,	the	general	
behaviour	of	the	conductivity	is	similar	to	that	of	undoped	alloy	except	for	the	
rate	of	 initial	decrease	 in	the	conductivity	which	 is	slightly	higher	 in	 the	Ag	
doped	 alloy.	 Another	 interesting	 observation	 is	 the	 change	 in	 electrical	
conductivity	during	cooling.	It	was	observed	that	the	conductivity	of	the	alloys	
during	cooling	is	higher	than	the	values	measured	during	heating.	Moreover,	
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the	difference	in	conductivity	at	a	particular	temperature	(spread)	during	the	
heating	and	cooling	increased	with	increase	in	the	magnesium	concentration.	
This	 irreversibility	 in	 the	 electrical	 conductivity	 is	 higher	 in	 the	 silver	
containing	alloys.		
Figure	4‐7c	and	d	show	the	change	in	the	Seebeck	coefficient	as	a	function	of	
temperature	 for	 xMg	 and	 xMg(0.3Ag)	 alloys	 respectively.	 The	 Seebeck	
coefficient	of	 the	undoped	alloy	 is	negative	 in	 the	whole	 temperature	range	
signifying	the	n‐type	behaviour	of	the	cast	alloy.	This	is	in	agreement	with	the	
results	obtained	by	Chen	et	 al.	 [27].	The	n‐type	 characteristic	 could	appear	
probably	due	to	the	thermal	excitation	of	 intrinsic	charge	carriers	at	higher	
temperatures.	On	the	other	hand,	Tae	et	al.	[25]	observed	that	the	alloys	doped	
with	silver	showed	a	p‐type	behaviour	in	the	investigated	temperature	range.	
However,	in	the	presence	of	excess	magnesium	(4	wt.%)	and	at	temperatures	
above	 450	K	 (177	 °C),	 the	 silver	 doped	 alloys	 lost	 their	 p‐type	 nature	 and	
became	n‐type	[25].	The	current	results	(Figure	4‐7d)	are	also	in	accordance	
with	those	observations.	Further,	it	is	important	to	note	that,	at	temperatures	
above	 450	K	 (177	 °C),	 the	 Seebeck	 coefficient	 of	 the	 alloy	 during	 cooling	
remained	 close	 to	 the	 values	 obtained	 during	 heating	 (less	 or	 limited	
irreversibility).	At	temperatures	below	450	K	(177	°C),	except	in	the	case	of	
2Mg(0.3Ag)	alloy,	the	measured	Seebeck	coefficient	was	positive.	The	Seebeck	
coefficient	 following	 cooling	 to	 323	 K	 (~50	 °C)	 was	 ~	55	x	10‐6	VK‐1	 for	
10.8Mg(0.3Ag)	alloy.	
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Figure	4‐7							The	measurements	of	(a,	b)	electrical	conductivity,	(c,	d)	Seebeck	
coefficient	and	(e,	f)	thermal	conductivity	as	a	function	of	temperature	for	xMg	
and	 xMg(0.3Ag)	 alloys.	 The	 arrows	 indicate	 the	 direction	 of	 heating	 and	
cooling.	
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Figure	4‐7e	and	f	show	the	change	in	the	thermal	conductivity	as	a	function	of	
temperature	 for	 xMg	 and	 xMg(0.3Ag)	 alloys	 respectively.	 The	 thermal	
conductivity	 of	 the	 as‐cast	 undoped	 and	 Ag	 doped	 alloys	 increased	 with	
increase	in	the	magnesium	concentration,	x.	In	the	case	of	the	alloy	with	low	
magnesium	concentration	(2Mg),	the	thermal	conductivity	decreased	due	to	
silver	doping	 (2Mg(0.3Ag)).	A	 similar	decrease	 in	 thermal	 conductivity	was	
reported	 by	 Chen	 et	 al.	 [30]	 for	 Mg2Sn	 alloy	 having	 near	 stoichiometric	
composition.	 However,	 with	 an	 increase	 in	 the	 magnesium	 concentration	
above	 2	 wt.	 %,	 no	 significant	 differences	 in	 the	 thermal	 conductivity	 was	
observed	 between	 the	 undoped	 and	 Ag	 doped	 alloys	 (e.g.	 6.7Mg	 and	
6.7Mg(0.3Ag)).	 Instead,	 the	silver	doping	 increased	 the	spread	between	 the	
heating	 and	 cooling	 curves.	 Further,	 it	 is	 to	 note	 that,	 unlike	 in	 the	 case	 of	
electrical	 conductivity,	 the	 thermal	 conductivity	 gradually	 increased	 with	
increase	in	temperature	and	remained	relatively	unchanged	upon	cooling.	
	
4.2 Effect	of	Mg	on	2	wt.	%	Ag	doped	Mg2Sn	alloys	
The	low	additions	of	0.3	wt.	%	Ag	did	not	largely	influence	the	structural	and	
thermoelectric	properties	of	Mg2Sn	alloys.	To	investigate	further,	Mg2Sn	alloys	
were	doped	with	2	wt.	%	Ag.	Sections	4.2.1	and	4.2.2	provide	description	of	
XRD	and	microstructural	analysis	of	(xMg(2Ag);	x	=	2,	6.7)	alloys	respectively.	
The	thermoelectric	properties	of	these	alloys	are	presented	in	section	4.2.3.		
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4.2.1 	X‐ray	diffraction	(XRD)	analysis	
Figure	4‐8	shows	XRD	patterns	of	2	wt.	%	Ag	doped	Mg2Sn	as	cast	alloys.	From	
the	peak	matching,	the	phases	‐	Mg2Sn	(ICDD:	04‐013‐9863),	Mg	(ICDD:	00‐
035‐0821),	 Sn	 (ICDD:	 04‐004‐6229)	 and	AgMg3	 (ICDD: 00‐001‐1170)	were	
identified.	The	observed	AgMg3	phase	is	in	agreement	with	Chen	et	al.	[28]	that	
reported	AgMg3	phase	for	1	at.%	(~	2	wt.%)	Ag	doped	Mg2Sn	alloy.	Similar	to	
undoped	 and	 0.3	wt.%	 Ag	 doped	 alloys,	 the	 intensities	 of	magnesium	 XRD	
reflections	 increased	 with	 increase	 in	 the	 concentration	 of	 magnesium,	 x,	
signifying	the	increase	in	the	fraction	of	magnesium	phase	in	the	2	wt.%	Ag	
doped	alloys.	
	
Figure	4‐8							X‐ray	diffraction	patterns	of	xMg(2Ag)	alloys.	
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4.2.2 Microstructural	analysis	
Figure	4‐9a,	b	and	c,	d	show	microstructures	of	2	wt.	%	Ag	doped	2Mg	and	
6.7Mg	alloys	respectively.	In	agreement	with	the	XRD	results,	four	phases	are	
observed	 in	 the	microstructure.	The	bright	and	dark	 regions	 correspond	 to	
Mg2Sn	and	Mg	phases	respectively.	 In	addition,	grey	AgMg3	phase	and	white	
chunks	 of	 Sn	 are	 observed	 in	 the	microstructure.	 These	 phases	 are	 clearly	
distinguishable	in	Figure	4‐9b	and	d.	The	dark	regions	corresponding	to	the	
magnesium	phase	 increased	with	 increase	 in	 the	magnesium	concentration	
(x).		
	
Figure	 4‐9	 	 	 	 	 	 	 Microstructures	 of	 xMg(2Ag)	 alloys	 with	 magnesium	
concentrations	of	a,	b	)	2	and	c,	d)	6.7	respectively.	
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The	observed	Sn	phase	 is	probably	due	 to	 supersaturated	magnesium	solid	
solution.	The	observed	chemical	composition	of	Mg	solid	solution	via	EDS	in	
wt.	%	is	Mg~	80.9,	Sn	~	8.2,	Ag	~	10.9	for	6.7Mg(2Ag)	alloy.	These	values	are	
very	close	to	the	solubility	limit	of	Sn	and	Ag	in	Magnesium	[105].	Thus,	the	
remaining	Ag	formed	AgMg3	phase	and	metallic	Sn	appeared	as	chunks	on	the	
phase	boundaries.		
	
4.2.3 Thermoelectric	properties	
Figure	4‐10	shows	the	thermoelectric	properties	measured	during	heating	and	
cooling	 cycles	of	2	wt.	%	Ag	doped	Mg2Sn	alloys.	These	properties	are	also	
compared	with	respective	undoped	and	0.3	wt.%	Ag	doped	Mg2Sn	alloys.	The	
open	 symbols	 correspond	 to	 the	 heating	 curve	 and	 the	 filled	 symbols	
correspond	to	the	data	recorded	during	cooling.		
Figure	4‐10a	shows	the	change	in	the	electrical	conductivity	as	a	function	of	
temperature	for	xMg(2Ag)	alloys.	It	can	be	seen	from	the	figure	that	at	323	K	
(~50	 °C),	 the	 electrical	 conductivity	 of	 the	 as‐cast	 alloys	 increased	 with	
increase	 in	 the	magnesium	 concentration	 (x).	 The	 electrical	 conductivity	 of	
2Mg(2Ag)	 is	 ~	 0.56	 x	 105	 and	 this	 increased	 to	 ~7.2	 x	 105	 Ω‐1m‐1	 for	
6.7Mg(2Ag)	alloy.	The	recorded	values	of	electrical	conductivity	for	2Mg(2Ag)	
alloy	 is	 lower	 compared	 to	 2Mg	 and	 2Mg(0.3Ag)	 alloy.	 This	 is	 due	 to	 the	
formation	of	AgMg3	phase.	Due	 to	 this	 phase,	 the	 relative	phase	 fraction	of	
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metallic	Mg	phase	in	2Mg(2Ag)	alloy	decreased	compared	to	the	2Mg	alloy.	On	
the	other	hand,	since	the	effect	of	AgMg3	phase	is	negligible	in	the	presence	of	
a	 high	 fraction	 of	metallic	Mg	 phase	 [31],	 the	 observed	 values	 of	 electrical	
conductivity	for	6.7Mg(2Ag)	alloy	are	similar	to	6.7Mg	alloy.	The	irreversibility	
in	the	electrical	conductivity	upon	cooling	is	also	present	in	6.7Mg(2Ag)	alloy.	
	
Figure	4‐10				The	measurements	of	(a)	electrical	conductivity	and	(b)	Seebeck	
coefficient	as	a	 function	of	 temperature	 for	xMg(2Ag)	alloys.	The	alloys	are	
compared	with	respective	xMg	and	xMg(0.3Ag)	alloys.	The	arrows	indicate	the	
direction	of	heating	and	cooling.			
Figure	 4‐10b	 shows	 the	 change	 in	 the	 Seebeck	 coefficient	 as	 a	 function	 of	
temperature	for	xMg(2Ag)	alloys.	The	Seebeck	coefficient	of	the	2Mg(2Ag)	and	
6.7Mg(2Ag)	alloys	is	negative	for	the	complete	temperature	range.	Tae	et	al.	
[25]	 observed	 that	 in	 the	 presence	 of	 excess	magnesium,	 the	 silver	 doped	
alloys	lost	their	p‐type	nature	and	became	n‐type	at	temperatures	above	450	
K	 (177	 °C).	 The	 current	 results	 are	 contradicting	 those	 observations.		
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Additionally,	any	significant	improvement	in	the	Seebeck	coefficient	was	not	
observed	in	2	wt.	%	Ag	doped	Mg2Sn	alloys	compared	to	undoped	and	0.3	wt.%	
Ag	doped	Mg2Sn	alloys.	
	
4.3 Discussion	
In	 general,	 the	 presence	 of	 magnesium	 concentration	 >	 4	 wt	 %	 increased	
electrical	and	thermal	conductivity	but	reduced	Seebeck	coefficient.	Because	
of	 the	dominant	of	Seebeck	coefficient,	 the	net	 result	 is	a	 low	ZT.	From	the	
inspection	 of	 the	 change	 in	 thermoelectric	 properties	 as	 a	 function	 of	
temperature	(Figure	4‐7	and	Figure	4‐10),	the	following	points	are	worthy	of	
discussion.	The	as	cast	properties	are	irreversible	during	cooling.	A	systematic	
change	in	the	Seebeck	coefficient	was	not	observed	in	the	alloys	doped	with	
silver	and	considerable	variability	is	observed	at	~	323	K.		
	
4.3.1 Irreversibility	of	thermoelectric	properties	
The	electrical	conductivity	of	metals	and	alloys	are	strongly	dependent	on	the	
chemical	 inhomogeneity	 in	 the	microstructure	 [106,	 107].	 Pan	 et	 al.	 [107]	
reported	 that	 the	 conductivity	 increases	 with	 a	 decrease	 in	 the	 solute	
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concentration	 in	 magnesium	 metal.	 Conversely,	 a	 higher	 level	 of	 dopant	
concentration	in	the	Mg2Sn	phase	is	expected	to	raise	electrical	conductivity.	
Therefore,	 the	 chemical	 compositions	 of	 the	 phases	 are	measured	 prior	 to	
heating	 and	 after	 cooling.	 Firstly,	 the	 composition	 of	 the	 Mg2Sn	 phase	
corresponds	to	the	ideal	composition	of	the	line	compound.	However,	no	trace	
of	Ag	was	found	in	the	Mg2Sn	phase	(Figure	4‐6).	This	is	a	critical	observation	
that	 suggests	no	doping	 is	 incorporated	 in	 the	Mg2Sn	phase.	This	 limits	 the	
doping	efficiency	of	Ag	in	the	present	alloys.		
Figure	4‐11a	shows	the	levels	of	Sn	and	Ag	in	solid	solution	in	the	Mg	phase	in	
the	 as	 cast	 and	 the	 furnace	 cooled	 samples	 of	 10.8Mg(0.3Ag)	 alloy.	
Interestingly,	 significant	 differences	 in	 the	 compositions	 were	 observed	 in	
both	the	samples.	The	composition	of	Sn	decreased	from	15.3	(±	2)	wt.	%	to	
4.7	(±	0.4)	wt.	%	and	silver	increased	slightly	from	2.1	(±	2)	to	3.1	(±	0.2)	wt.	
%	following	cooling.	The	decrease	in	the	tin	concentration	in	the	magnesium	
matrix	 can	explain	 the	 increases	 in	 the	electrical	 conductivity	 following	 the	
first	temperature	cycle	[107].	Figure	4‐11b	shows	repeated	measurements	of	
electrical	conductivity	following	the	first	cycle.	It	is	clear	that	the	change	in	the	
conductivity	during	multiple	cycles	of	heating	and	cooling	is	minimal.	
In	 other	words,	 the	 hysteresis	 disappears	 after	 the	 first	 temperature	 cycle.	
This	 is	 quite	 consistent	with	 the	 idea	 that	 the	 as	 cast	 structure	 is	 far	 from	
equilibrium	 but	 following	 the	 first	 cycle,	 the	 solute	 levels	 are	 more	
homogenised	and	closer	to	the	equilibrium.		
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Figure	 4‐11	 	 	 	 a)	 Elemental	 concentration	 of	 Sn	 and	 Ag	 in	 Mg	 phase,	 b)	
measurements	of	electrical	conductivity	in	the	as	cast,	quenched	and	furnace	
cooled	10.8Mg(0.3Ag)	alloy.	
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4.3.2 Uncertainty	in	Seebeck	coefficient	measurements	
The	 Seebeck	 coefficient	measurement	 is	 known	 to	 be	 sensitive	 to	 chemical	
inhomogeneity,	a	fraction	of	elongated	metallic	phase	[108],	preferred	crystal	
orientation	[109],	and	grain	size	[110].		
In	 order	 to	 determine	 the	 uncertainty	 in	 the	 present	 Seebeck	 coefficient	
measurements,	repeated	measurements	were	performed	on	the	alloy	with	low	
magnesium	 concentration	 (2Mg)	 (Figure	 4‐12a)	 and	 high	 magnesium	
concentration	 (10.8Mg(0.3Ag))	 (Figure	 4‐12b).	 The	 measurements	 were	
performed	 on	 two	 different	 specimens	 (sample	 1	 and	 sample	 2)	 and	 on	
different	faces	of	sample	2.	The	repeated	measurements	were	carried	only	in	
the	temperature	range	of	323	K	–	423	K	in	order	not	to	change	the	composition	
of	the	alloy	during	the	first	cycle	of	heating.	Clearly,	the	measurements	on	the	
2Mg	alloy	were	reproducible.	Whereas	significant	differences	were	observed	
in	the	case	of	10.8Mg(Ag)	alloy.	It	seems	that	in	the	presence	of	high	levels	of	
Mg	 concentration,	 the	 Seebeck	 coefficient	 is	 highly	 sensitive	 to	 the	
microstructure	at	low	temperatures.	
Figure	4‐13	shows	phase	map	and	Euler	orientation	maps	of	Mg2Sn	and	Mg	
phases	of	10.8Mg(0.3Ag)	alloy.	The	EBSD	was	performed	on	the	cast	pouring	
direction	in	a	crystallographic	reference	frame.	This	corresponds	to	vertical	
direction	 on	 the	 image.	 During	 the	 solidification	 of	 the	 alloy,	 as	 the	 solute	
concentration	was	high	to	form	intermetallic	compounds,	Mg2Sn	phase	with	
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the	 highest	 melting	 point	 (1043	 K)	 was	 the	 first	 to	 form.	 Then,	 as	 the	
temperature	of	the	molten	alloy	decreased,	eutectic	reactions	occurred	among	
the	remaining	elements	and	Mg	phase	with	low	melting	point	was	formed	[58].		
	
Figure	4‐12				Repeated	measurements	of	Seebeck	coefficient	on	a)	2Mg	and	b)	
10.8Mg(0.3Ag)	alloys.	
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The	EBSD	microstructure	revealed	several	 important	 features	of	 the	as‐cast	
microstructure.	Firstly,	the	microstructure	consists	of	large	Mg2Sn	dendrites.	
It	is	clear	from	the	colour	coding	of	these	dendrites	that	these	dendritic	grains	
have	single	grain	orientations.	In	addition,	these	dendritic	grains	were	spread	
through	the	thickness	of	the	measured	sample.	Secondly,	the	dendritic	arms	
are	filled	with	the	Mg	phase.	In	addition,	the	size	of	Mg2Sn	and	Mg	grains	varied	
from	hundreds	of	microns	to	few	mm	and	from	few	microns	to	hundreds	of	
microns	 respectively.	 These	 observations	 illustrate	 that	 recorded	 Seebeck	
coefficient	could	be	due	to	the	only	couple	of	grains	with	similar	or	different	
orientations	in	the	measured	volume.	In	a	repeated	measurement	on	sample	
2,	clearly,	the	measurement	would	not	be	from	the	same	orientation	of	grains.	
Nakamoto	et	al.	[109]	and	Kosuga	et	al.	[111]	showed	a	strong	dependency	of	
Seebeck	coefficient	with	orientation.		
	
Figure	4‐13				a)	phase	map	and	b,	c)	Euler	orientation	map	of	Mg2Sn	and	Mg	
phases	of	10.8Mg(0.3Ag)	alloy	respectively.	
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Therefore,	 it	 is	 expected	 that	 the	 uncertainty	 in	 Seebeck	 coefficient	
measurements	could	be	due	to	the	orientation	of	the	semiconducting	Mg2Sn	
grains.	However,	from	Figure	4‐12a,	it	was	clear	that	the	Seebeck	coefficient	
was	 fairly	 reproduced	 in	 the	 case	 of	 the	 alloy	 with	 low	 magnesium	
concentration.	Therefore,	 in	addition	to	the	orientation	of	the	Mg2Sn	grains,	
the	fraction	and	distribution	of	the	magnesium	phase	in	between	the	Mg2Sn	
phase	and	the	corresponding	orientations	also	responsible	for	the	uncertainty	
in	 the	 Seebeck	 coefficient	 measurements	 of	 the	 alloys	 having	 high	
concentration	of	Mg	(Figure	4‐12b).	
	
4.3.3 Power	factor	and	ZT	
Considering	the	irreversibility	of	electrical	conductivity	and	a	high	uncertainty	
in	Seebeck	coefficient	at	temperatures	below	450	K	(177	°C),	the	power	factor	
and	ZT	are	shown	from	450	K	to	723	K	for	cooling	curves	of	undoped	and	0.3	
wt.	%	Ag	doped	alloys	in	Figure	4‐14a	and	b	respectively.		
It	 can	 be	 seen	 from	 Figure	 4‐14a	 that	 the	 highest	 value	 of	 power	 factor	
0.95×10‐4	Wm‐1K‐2	is	observed	 for	2Mg	alloy	at	723	K.	 	 In	 the	 case	of	other	
undoped	and	0.3	wt.	%	Ag	doped	alloys,	lower	values	are	observed	compared	
to	the	2Mg	alloy.	However,	it	can	be	seen	from	Figure	4‐14b	that	the	highest	
value	of	ZT	~0.014	is	obtained	for	2Mg(0.3Ag)	alloy	at	723	K.	This	is	due	to	a	
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higher	reduction	in	the	thermal	conductivity	of	2Mg(0.3Ag)	alloy	compared	to	
2Mg	 alloy	 (Figure	 4‐7f).	 Additionally,	 it	 is	 interesting	 to	 note	 that	 despite	
having	different	concentrations	of	magnesium	concentration	from	4.5	to	10.8	
for	 undoped	 and	 Ag	 doped	 Mg2Sn	 alloys,	 nearly	 similar	 values	 of	 ZT	 are	
observed.	This	 is	due	to	the	simultaneous	increase	of	electrical	and	thermal	
conductivity	with	increase	in	Mg	concentration	and	convergence	of	Seebeck	
coefficient	at	higher	temperatures	(Figure	4‐7c,	d).	
	
Figure	4‐14				The	variation	of	(a)	power	factor	and	(b)	ZT	as	a	function	of	the	
temperature	of	xMg	and	xMg(0.3Ag)	alloys.	
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4.4 Summary	and	conclusions	
The	undoped	and	Ag	doped	Mg2Sn	alloys	with	additional	Mg	concentrations	
were	fabricated	using	RF	induction	melting	process.	The	following	conclusions	
were	drawn.	
1. X‐ray	and	microstructure	studies	revealed	Mg2Sn	and	Mg	phases	in	the	
undoped	 and	 Ag	 doped	 alloys.	 Due	 to	 0.3	 wt.	 %	 of	 Ag	 doping,	 no	
additional	phase	was	observed.	However,	for	2	wt.	%	Ag	doping,	AgMg3	
and	Sn	phases	were	observed	in	the	microstructure.	The	fraction	of	Mg	
phase	 in	 the	 alloys	 increased	 with	 an	 increase	 in	 the	 magnesium	
concentration.	
2. The	electrical	 and	 thermal	 conductivities	 increased	with	 increase	 in	
the	concentration	of	Mg	(or	the	magnesium	phase	fraction)	in	the	alloy.	
However,	 the	 segregation	 of	Ag	 in	Mg	 and	AgMg3	phases	 instead	 of	
Mg2Sn	 phase	 lead	 to	 low	 values	 of	 Seebeck	 coefficient.	 This	 is	
responsible	for	the	observed	low	ZT.	
3. The	 measured	 conductivities	 were	 irreversible	 during	 the	 first	
temperature	 cycle.	 This	 was	 attributed	 to	 the	 inhomogeneous	
distribution	 of	 tin	 in	 the	 magnesium	 matrix.	 In	 order	 to	 obtain	 a	
reproducible	conductivity	measurement,	a	homogenisation	treatment	
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is	 necessary.	 The	 first	 temperature	 cycle	 during	 conductivity	
measurement	provided	this	homogenisation.	
4. Inconsistent	Seebeck	coefficient	was	observed	at	~	323	K	for	the	alloys	
prepared	with	high	Mg	concentrations.	This	can	be	attributed	to	the	
coarse	grain	size	and	respective	grain	orientations	of	Mg2Sn	and	Mg	
phases	and	a	high	fraction	of	magnesium	phase	in	between	the	Mg2Sn	
grains.	
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Chapter	5 Deformability	and	 its	effect	on	
thermoelectric	 performance	 of	 Mg2Sn	
based	alloys	
In	the	previous	chapter,	the	structural	and	thermoelectric	properties	of	as	cast	
and	 homogenised	 undoped	 and	 Ag	 doped	 Mg2Sn	 based	 alloys	 were	
investigated.	Previous	researchers	have	shown	that	the	deformation	improves	
the	 thermoelectric	 performance	 of	 thermoelectric	 alloys	 [36‐39,	 90,	 97].	
However,	 no	 literature	 is	 available	 on	 the	 effect	 of	 deformation	 on	 the	
structural	 and	 thermoelectric	 performance	 of	Mg2Sn	 alloys.	 Therefore,	 this	
chapter	discusses	the	evolution	of	the	microstructure	and	the	thermoelectric	
properties	 following	 the	 deformation	 of	 undoped	 and	 0.3	 wt.	 %	 Ag	 doped	
Mg2Sn	alloys.		
Section	 5.1	 describes	 the	 thermomechanical	 processing	 methodology	
employed	 in	 the	 wrought	 processing	 of	 Mg2Sn	 based	 alloys.	 The	
microstructures	 of	 the	 alloys	 following	 compression	 deformation	 are	
presented	 in	 sections	 5.2	 and	 5.3.	 Based	 on	 the	 optimised	 conditions,	
compression	deformation	was	performed	on	the	relatively	large	samples	and	
the	 results	are	presented	 in	 section	5.4.	The	results	 from	 the	 small	 and	big	
compression	 samples	 were	 compared.	 Finally,	 the	 results	 are	 discussed	 in	
sections	5.5.	
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5.1 Thermomechanical	 processing	 of	 Mg2Sn	 based	
alloys	
Figure	5‐1	shows	the	thermomechanical	processing	profile	employed	for	the	
compressive	deformation	of	Mg2Sn	alloys.	The	compression	deformation	was	
performed	on	the	undoped	alloy	with	the	lowest	Mg	content,	2Mg	alloy	(~	3	%	
Mg	 phase	 fraction)	 and	 silver	 doped	 alloy	 with	 highest	 Mg	 content,	
10.8Mg(0.3Ag)	alloy	(~	26	%	Mg	phase	fraction).	
	
Figure	5‐1	 	 	 	 	 	 	Thermodynamic	profile	 for	deformation	of	undoped	and	0.3	
wt.%	Ag	doped	Mg2Sn	alloys.	
During	 compression,	 the	 compression	 modules	 were	 heated	 up	 to	 the	
processing	temperature	and	held	for	60	mins	to	provide	thermal	stability.	The	
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test	sample	was	then	placed	between	the	compression	modules	for	15	mins	
before	starting	the	test	to	ensure	the	homogeneity	in	the	temperature	across	
the	 whole	 sample.	 The	 compression	 tests	 were	 carried	 out	 at	 room	
temperature	 (RT),	 473	K,	 573	K	and	673	K.	The	 samples	were	 coated	with	
lubricant	 to	counter	 friction	effects.	At	 the	end	of	 the	compression	 test,	 the	
samples	were	air	cooled	to	room	temperature.		
Alloy	
	
Temperature	(K)	
True	strain	(TS)	 Compressive	stress	(MPa)	
2Mg	
573	
0.5	 66	
1	 76	
1.9	 82	
673	
0.5	 36	
1	 42	
10.8Mg(0.3Ag)	
Room	temp	 ‐	 345	
473	 1.4	 171	
573	
0.5	 60	
1	 63	
3	 126	
673	 1	 41	
Table	 5‐1	 	 	 	 	 	 	 	 Compression	 testing	 conditions,	 the	 true	 strains	 (TS)	 and	
compressive	strength	of	2Mg	and	10.8Mg(0.3Ag)	alloys.	
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The	 true	 stress‐strain	 curves	 following	 the	 compression	 deformation	 of	
undoped	and	Ag	doped	alloys	are	shown	in	Figure	5‐2a	and	b	respectively.	In	
the	 case	 of	 2Mg	 alloys	 (Figure	 5‐2a),	 the	 compressive	 deformation	 stress	
decreased	with	increase	in	the	processing	temperature	from	573	K	to	673	K	
for	various	true	strain	conditions.	As	an	example,	the	stress	decreased	from	76	
MPa	to	42	MPa	with	an	increase	in	the	temperature	from	573	K	to	673	K	for	
the	true	strain	of	1	(c.f.	Table	5‐1).	For	10.8Mg(0.3Ag)	alloy,	 it	 is	clear	 from	
Figure	5‐2b	that	the	sample	deformed	at	room	temperature	exhibited	failure	
after	a	true	strain	of	13	%.	The	maximum	true	stress	for	deformation	at	room	
temperature	 was	 345	 MPa.	 This	 true	 stress	 decreases	 systematically	 with	
increase	in	temperature	from	473	K	to	673	K.	The	macroscopic	yield	stresses	
in	the	case	of	2Mg	and	10.8Mg(0.3Ag)	alloy	are	similar.	However,	the	rate	of	
hardening	following	macroscopic	yielding	is	different.	A	higher	compressive	
strength	 is	 observed	 for	 2Mg	 alloy	 compared	 to	 10.8Mg(0.3Ag)	 alloy	 for	
similar	values	of	true	strain	at	573	K	and	673	K.	
Figure	 5‐3a	 and	 b	 show	 the	 macroscopic	 images	 of	 the	 initial	 as	 cast	 and	
deformed	2Mg	and	10.8Mg(0.3Ag)	alloys	respectively.	Cracks	can	be	seen	on	
the	edges	of	2Mg	alloy	following	deformation.	Additionally,	the	cracks	widened	
with	increase	with	strain	for	compression	carried	out	at	both	573	K	and	673	
K.	In	the	case	of	10.8Mg(0.3Ag)	alloy	deformed	at	room	temperature	(RT),	the	
cracks	were	seen	on	the	edges	of	the	deformed	pellet	(Figure	5‐3b).	However,	
the	quality	of	 the	deformed	alloy	 improved	with	 increase	 in	 the	processing	
temperature.	 There	 are	 relatively	 few	 or	 negligible	 cracks	 observed	 in	 the	
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sample	deformed	at	573	K	to	the	true	strain	of	3.	In	comparison	of	the	samples	
deformed	 at	 573	 K,	 10.8Mg(0.3Ag)	 alloy	 deformed	 to	 the	 true	 strain	 of	 3	
displayed	better	deformed	product	quality	(fewer	cracks)	compared	to	2Mg	
alloy	deformed	to	the	true	strain	of	1.9.		
	
Figure	5‐2							Stress‐strain	curves	of	a)	2Mg	and	b)	10.8Mg(0.3Ag)	alloys.	
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Figure	5‐3							Macroscopic	images	of	the	initial	and	deformed	samples	of	a)	
2Mg	and	b)	10.8Mg(0.3Ag)	alloys.	
	
5.2 Microstructural	investigations	
The	evolution	of	the	deformation	microstructures	was	studied	using	imaging	
with	SEM	and	electron	backscattering	diffraction	(EBSD).		
	
5.2.1 Microstructures	of	the	2Mg	alloy	
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Figure	5‐4a	and	b		show	the	microstructures	of	2Mg	alloy	compressed	at	673	K	
to	the	true	strain	of	0.5	and	1	respectively.	The	microstructures	are	taken	at	
the	centre	of	 the	sample	 in	a	section	parallel	 to	compression	direction	(CD)	
using	Angle	selective	Backscatter	(AsB)	detector	in	a	Zeiss	Supra	55VP	field	
emission	SEM.	It	can	be	seen	that	the	Mg2Sn	dendritic	grains	are	compressed	
along	 the	 compression	 direction.	 The	 contrast	 variations	 within	 these	
compressed	 dendritic	 arms	 are	 due	 to	 changes	 in	 the	 crystallographic	
orientation	across	the	Mg2Sn	grains.	Such	subgrains	were	not	evident	in	the	
as‐cast	microstructures	(section	4.1.3).	
Figure	5‐4c	and	d	show	the	high	magnification	images	of	the	subgrains.	It	is	
clear	that	the	subgrains	are	equiaxed	following	compression	to	the	true	strain	
of	 0.5,	 whereas,	 after	 deformation	 to	 a	 true	 strain	 of	 1,	 the	 subgrains	 are	
compressed	 along	 CD.	 The	 subgrain	 size	 was	 measured	 using	 the	 linear	
intercept	method.	The	observed	average	subgrain	size	is	~	4	±	0.4	m	for	the	
true	strain	of	1	and	5.4	±	0.2	m	for	the	true	strain	of	0.5.	The	shown	error	is	a	
standard	error	(SE	=	Standard	deviation/√n,	where	n=number	of	grains).	
	
5.2.2 Microstructures	of	the	10.8Mg(0.3Ag)	alloy	
From	the	macroscopic	images	in	Figure	5‐3,	fewer	cracks	were	observed	on	
the	edges	of	the	deformed	10.8Mg(0.3Ag)	alloy	compared	to	2Mg	alloy.	This	
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could	possibly	be	due	to	increased	plasticity	from	the	hexagonal	magnesium	
and	also	probably	due	to	doping	with	cubic	silver.	In	the	following,	a	detailed	
microstructure	evolution	is	carried	out	in	sections	perpendicular	and	parallel	
to	the	compression	direction.	
	
Figure	5‐4							Microstructures	of	2Mg	alloy	compressed	at	673	K	to	true	strains	
of	a,	c)	0.5	and	b,	d)	1.	Images	are	taken	at	the	centre	of	the	sample	parallel	to	
the	compression	direction	using	AsB	detector.	
Figure	5‐5	shows	the	microstructure	of	10.8Mg(0.3Ag)	alloy	compressed	to	a	
true	strain	of	3	at	573	K.	The	image	is	obtained	across	the	whole	cross‐section	
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of	the	deformed	alloy.	It	can	be	seen	from	the	figure	that	there	is	little	obvious	
change	in	the	dendritic	cast	structure	on	this	plane	(c.f.	Figure	4‐4).		
	
Figure	5‐5							Microstructure	of	10.8Mg(0.3Ag)	alloy	compressed	at	573	K	to	
the	true	strain	of	3	in	perpendicular	to	the	compression	direction.	
However,	interesting	features	in	the	microstructure	can	be	seen	when	viewed	
in	a	direction	parallel	to	the	compression	direction.	Figure	5‐6a,	b	and	c	show	
the	microstructures	of	 the	10.8Mg(0.3Ag)	 alloys	deformed	at	573	K	 to	 true	
strain	 of	 0.5,	 1	 and	 3	 respectively.	 The	 total	 length	 covered	 by	 the	
microstructures	in	the	figure	is	4.9	mm	and	6.1	mm	for	sample	compressed	to	
true	strain	of	0.5	and	1	respectively.	Due	to	the	 large	 length	(~	13	mm)	for	
sample	compressed	to	true	strain	3,	only	the	centre	and	two	edge	regions	are	
shown	in	the	figure.	In	the	case	of	sample	deformed	to	the	true	strain	of	0.5,	
little	change	in	the	as	cast	microstructure	is	observed.	Whereas,	for	samples	
deformed	 to	 the	 true	 strains	 of	 1	 and	 3,	 a	 ‘pancaked’	 microstructure	 is	
observed.	 An	 inhomogeneous	microstructure	 is	 evident	 in	 the	 figures.	 The	
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pancake	region	is	indicated	via	red	circle	in	the	figures.	The	width	of	this	zone	
decreased	from	~500	m	to	~210	m	with	increase	in	the	true	strain	from	1	
to	3.		
In	order	to	see	the	differences	in	the	subgrain	evolution,	high	magnification	
images	were	obtained	 from	the	centre	 region	of	 the	samples.	Figure	5‐7a‐d	
shows	microstructures	of	the	10.8Mg(0.3Ag)	alloy	compressed	at	573	K	to	true	
strains	 of	 0.5,	 1	 and	 3	 and	 at	 673	 K	 to	 true	 strain	 of	 1	 respectively.	 The	
microstructures	are	taken	at	the	centre	of	the	sample	in	a	section	parallel	to	
the	compression	direction	(CD).	In	the	microstructure,	the	magnesium	phase	
appears	black	due	atomic	number	difference	between	Mg	and	Mg2Sn	phases	
(section	 3.4.2).	 A	 characteristic	 pancake	 structure	 is	 observed	 in	 all	 the	
samples	 except	 sample	 compressed	 to	 true	 strain	of	0.5	 at	573K.	However,	
similar	to	2Mg	alloy,	a	substructure	(subgrains)	formation	is	clearly	seen	in	the	
Mg2Sn	phase	for	all	the	strain	conditions	of	10.8Mg(0.3Ag).	The	subgrain	size	
of	the	Mg2Sn	phase	was	calculated	using	linear	intercept	method.	The	shown	
error	 is	 a	 standard	 error.	 In	 the	 case	 of	 samples	 compressed	 at	 573	K,	 the	
observed	average	subgrain	size	is	~	4.0	±	0.2	m	for	true	strain	of	0.5,	~	2.7	±	
0.2	m	for	the	true	strain	of	1	and	~	2.2	±	0.2	m	for	the	true	strain	of	3.		
100	
	
	
Figure	5‐6							Microstructures	of	10.8Mg(0.3Ag)	alloy	compressed	at	573	K	to	true	strains	of	a)	0.5,	b)	1	and	c)3.	
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A	systematic	decrease	in	the	subgrain	size	is	observed	with	increase	in	the	true	
strain	from	0.5	to	3.	On	the	other	hand,	for	the	sample	compressed	to	the	true	
strain	of	1	at	673	K,	the	average	subgrain	size	is	5	±	0.5	m.	A	clear	effect	of	
processing	temperature	is	observed	on	the	subgrain	size	of	Mg2Sn	phase.	In	
the	case	of	samples	compressed	to	the	true	strain	of	1,	higher	subgrain	size	is	
observed	for	the	sample	processed	at	673	K	compared	to	573	K.	
	
Figure	5‐7							Microstructures	of	10.8Mg(0.3Ag)	alloy	compressed	at	573	K	to	
true	strains	of	a)	0.5,	b)	1,	c)	3	and	at	673	K	to	a	true	strain	of	d)	1.	Images	are	
taken	at	the	centre	of	the	sample	parallel	to	the	compression	direction	using	
AsB	detector.	
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5.3 Electron	backscatter	diffraction	(EBSD)	
The	SEM	microstructures	in	Figure	5‐4	and	Figure	5‐7	showed	the	formation	
of	subgrains	within	the	Mg2Sn	dendrites.	The	subgrains	were	identified	but	the	
microstructures	 did	 not	 provide	 any	 quantitative	 information	 about	 the	
orientation	changes	associated	with	the	subgrain	evolution.	The	evolution	of	
misorientations,	 grain	 and	 sub	 grain	 sizes	 are	 quantified	 using	 electron	
backscatter	diffraction	(EBSD).	
	
5.3.1 EBSD	maps	analysis	
Figure	5‐8	and	Figure	5‐9	show	EBSD	maps	of	2Mg	and	10.8Mg(0.3Ag)	alloys	
respectively.	The	EBSD	measurements	were	performed	on	a	section	parallel	to	
the	compression	direction.	The	Mg2Sn	and	Mg	phases	are	coloured	in	as	white	
and	green	respectively.	The	grain	boundaries	with	misorientation	angles	of	2°,	
5°	and	15°	are	coloured	as	blue,	red	and	black	respectively.	The	boundaries	
with	misorientation	angle	greater	than	or	equal	to	15°	are	considered	as	grain	
boundaries,	while	 the	boundaries	with	misorientation	angles	 in	between	2°	
and	15°	are	considered	as	sub‐grain	boundaries.	
Figure	5‐8	shows	EBSD	maps	of	2Mg	alloy	compressed	at	673	K	to	 the	true	
strain	of	0.5	and	1.	The	scans	were	carried	out	near	the	centre	region	(Figure	
5‐8a	and	b)	and	the	edge	region	(Figure	5‐8c	and	d).	In	the	centre	region,	for	
the	 alloy	 deformed	 to	 true	 strain	 of	 0.5,	 the	 subgrain	 boundary	 network	 is	
observed	to	be	incomplete	in	the	Mg2Sn	phase.	The	development	of	mostly	low	
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angle	misorientations	(blue	and	red	colours)	less	than	15°	is	visible	with	very	
few	grains	misoriented	at	high	angles	greater	than	15°.	Whereas,	for	sample	
deformed	 to	 the	 true	 strain	 of	 1,	 the	 grains	 appeared	 to	 be	 elongated	
perpendicular	to	compression	direction	and	squashed	along	CD.	A	completely	
developed	 substructure	 is	 observed	 with	 well‐connected	 grain	 boundary	
network.	Additionally,	there	are	more	number	of	grains	misoriented	greater	
than	15°	(black	colour)	in	sample	compressed	to	true	of	1	compared	to	0.5.	
On	the	other	hand,	the	edge	region	of	sample	deformed	to	true	strain	of	0.5	is	
observed	 to	 be	 nearly	 similar	 to	 the	 as	 cast	 structure	 (Figure	 5‐8c).	 This	
signifies	 less	 deformation	 in	 the	 edge	 region	 compared	 to	 centre	 region.	
However,	for	true	strain	of	1,	the	edge	region	is	observed	to	be	more	deformed	
compared	to	true	strain	of	0.5	(Figure	5‐8d).	Even	though	the	observed	grain	
boundaries	 are	 misoriented	 at	 low	 angles,	 they	 observed	 to	 be	 equally	
distributed	throughout	the	whole	region.		
Figure	5‐9a,	b	and	c	show	EBSD	maps	of	the	samples	compressed	to	total	true	
strain	of	0.5,	1	at	573	K	and	1	at	673	K	respectively.	It	can	be	observed	from	
Figure	5‐9a‐c	that	Mg	phase	has	nearly	all	high	angle	grain	boundaries	(black	
colour).	 Any	 evident	 substructure	 formation	 was	 not	 observed	 in	 the	 Mg	
phase.		
On	 the	 other	 hand,	 the	 substructure	 formation	 is	 clearly	 observed	 in	 the	
dendritic	Mg2Sn	phase.	In	the	case	of	alloy	compressed	to	true	strain	of	0.5	at	
573	K,	disconnected	misorientation	boundaries	are	seen,	 indicating	that	the	
grain	 boundary	 network	 is	 incomplete.	 In	 addition,	 part	 of	 the	 grains	 was	
almost	equivalent	to	the	cast	microstructure.		
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Figure	5‐8							EBSD	maps	of	a,	b)	centre	region	and	c,	d)	edge	region	of	2Mg	
alloy	compressed	at	673	K	to	true	strains	of	0.5	and	1	in	respectively.	The	grain	
boundaries	with	misorientation	angles	of	2°,	5°	and	15°	are	coloured	as	blue,	
red	and	black	respectively.	
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With	 an	 increase	 in	 the	 true	 strain	 to	 1,	 the	 development	 of	 a	 distinct	
substructure	of	low‐angle	misorientations	is	observed	(Figure	5‐9b).	A	higher	
frequency	of	higher	angle	boundaries	is	evident	at	673	K	compared	to	573	K	
(Figure	5‐9c).	In	comparison,	a	prominent	substructure	in	terms	of	subgrain	
formation	 is	 seen	 in	 the	 sample	 deformed	 to	 the	 true	 strain	 of	 1	 at	 673	K	
compared	to	573	K.		
The	misorientation	angle	distribution	was	studied	from	the	EBSD	maps	of	2Mg	
and	 10.8Mg(0.3Ag)	 alloys.	 The	 frequency	 of	 grains	 as	 a	 function	 of	
misorientation	angle	for	the	Mg2Sn	phase	is	shown	in	Figure	5‐10a	and	b	for	
2Mg	and	10.8Mg(0.3Ag)	alloys	respectively.		
The	 frequency	 of	 Mg2Sn	 grains	 decreases	 systematically	 with	 increase	 in	
misorientation	angle	for	all	the	true	strains	for	both	2Mg	and	10.8Mg(0.3Ag)	
alloys.	In	centre	region	of	2Mg	alloy	compressed	at	673	K,	it	can	be	seen	that	
high	fraction	of	grains	are	misoriented	at	2°	in	the	sample	compressed	to	the	
true	strain	of	0.5.	This	fraction	decreased	with	increase	in	the	true	strain	to	1.	
However,	 the	 fraction	of	grains	misoriented	at	≥10°	 is	higher	 in	 the	sample	
compressed	to	true	strain	of	1	compared	to	0.5.	In	the	case	of	10.8Mg(0.3Ag)	
alloy,	 the	 sample	 deformed	 to	 true	 strain	 of	 0.5	 at	 573	 K	 has	 the	 highest	
fraction	 of	 grains	 misoriented	 at	 2°.	 This	 fraction	 decreases	 systematically	
with	increase	in	true	strain	from	0.5	to	1.	However,	for	the	same	true	strain	of	
1,	the	number	of	grains	misoriented	at	2°	is	lower	in	the	sample	compressed	
at	673	K	compared	to	573	K.	It	can	be	seen	that	the	effect	of	increasing	true	
strain	 from	0.5	 to1	 is	 greater	 than	 the	 effect	 of	 increasing	 the	 temperature	
from	573	K	to	673	K.		
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Figure	5‐9							EBSD	maps	of	10.8Mg(0.3Ag)	alloy	compressed	at	573	K	to	the	
true	 strain	 of	 a)	 0.5,	 b)	 1	 and	 at	 673	K	 to	 the	 true	 strain	 of	 c)1.	 The	 grain	
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boundaries	with	misorientation	angles	of	2°,	5°	and	15°	are	coloured	as	blue,	
red	and	black	respectively.	
	
Figure	5‐10				Frequency	of	grains	as	a	function	of	misorientation	angle	for	the	
Mg2Sn	phase	of	a)	2Mg	and	b)	10.8Mg(0.3Ag)	alloys.	
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5.3.2 Grain	and	subgrain	size	analysis	
The	grain	and	subgrain	size	of	the	compressed	samples	were	studied	from	the	
EBSD	analysis	of	the	microstructures	shown	in	Figure	5‐8	and	Figure	5‐9.	The	
grain	and	subgrain	size	were	calculated	using	linear	intercept	method	[112].	
From	 Figure	 5‐9a‐c	 it	 can	 be	 seen	 that	 the	 Mg2Sn	 phase	 has	 a	 bimodal	
distribution	of	grains	with	big	dendritic	grains	and	small	grains	within	the	Mg	
matrix.	The	substructure	formation	was	observed	only	in	the	large	dendritic	
Mg2Sn	 grains.	 From	 the	 careful	 inspection	 of	 EBSD	 microstructures,	 the	
maximum	 grain	 size	 of	 the	 small	 grains	 is	 ~20	m.	 Therefore,	 in	 order	 to	
calculate	 the	 subgrain	 size,	 firstly,	 the	 grains	 of	 size	 less	 than	 20	m	were	
ignored	 from	 the	 calculation.	The	 linear	 intercept	 grain	 size	was	 calculated	
based	on	the	subset	of	the	grains	greater	than	20	m	with	misorientation	cut	
off	angles	2°,	5°	and	15°.		
Figure	5‐11	and	Figure	5‐12	show	the	variation	of	grain	and	subgrain	size	for	
different	misorientation	cut	off	angles.	The	15°	cut	off	grain	size	is	considered	
as	the	grain	size.	This	also	includes	the	phase	boundary	between	Mg	and	Mg2Sn	
phase.	The	values	obtained	for	the	misorientation	cut	off	of	2°	and	5°	are	the	
subgrain	 sizes.	 The	 filled	 and	 unfilled	 symbols	 in	 the	 figure	 represent	
measurements	 parallel	 and	 perpendicular	 to	 the	 compression	 direction	
respectively.	 The	 displayed	 error	 bar	 is	 a	 standard	 error	 (SE=std.	 dev/√n	
where	n=number	of	grains).		
Figure	5‐11	shows	the	grain	size	variation	of	 the	Mg2Sn	phase	 in	2Mg	alloy	
compressed	to	the	true	strains	of	0.5	and	1	at	673	K.	It	can	be	seen	that	the	
grain	and	subgrain	sizes	decreased	with	increase	in	the	true	strain	from	0.5	to	
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1	for	both	centre	and	edge	regions.	In	the	case	of	sample	compressed	to	true	
strain	of	0.5,	a	large	difference	is	observed	between	the	subgrain	size	of	edge	
and	centre	regions.	Whereas,	a	nearly	similar	subgrain	size	is	observed	in	the	
edge	and	centre	regions	for	the	sample	compressed	to	true	strain	of	1.	Thus,	a	
nearly	uniform	subgrain	size	distribution	from	centre	to	edge	is	observed	in	
sample	 compressed	 to	 true	 strain	 of	 1	 at	 673	 K.	 Additionally,	 for	 a	 15°	
misorientation	cut‐off	angle,	the	difference	in	grain	size	between	parallel	and	
perpendicular	to	compression	direction	is	larger	for	centre	region	compared	
to	the	edge	region.	This	is	due	to	higher	elongation	of	grains	in	centre	region	
compared	to	edge	region.		
	
Figure	 5‐11	 	 	 	 Variation	 of	 grain	 size	 of	 Mg2Sn	 phase	 as	 a	 function	 of	
misorientation	cut	off	angle	for	2Mg	alloy.	
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In	the	case	of	10.8Mg(0.3Ag)	alloy	compressed	at	573	K,	a	systemic	decrease	
in	grain	and	subgrain	sizes	was	observed	in	both	Mg2Sn	and	Mg	phases	with	
an	 increase	 in	true	strain	 from	0.5	to	3	(Figure	5‐12).	For	Mg2Sn	phase,	 the	
observed	average	grain	sizes	are	11.7	m	and	15.5	m	and	subgrain	sizes	are	
2.4	m	and	4.6	m	for	samples	compressed	to	true	strain	of	1	at	573	K	and	673	
K	respectively.	It	can	be	seen	that	higher	grain	and	subgrain	sizes	are	observed	
for	sample	deformed	at	673	K	sample	over	the	573	K	sample.	Additionally,	it	
is	also	observed	that	grain	and	subgrain	sizes	are	higher	for	the	measurements	
taken	perpendicular	to	CD	compared	to	parallel	to	CD.	This	shows	elongation	
of	grains	due	to	compression.		
Interestingly,	for	Mg2Sn	phase,	at	a	given	strain,	small	grain	size	values	were	
obtained	for	a	2°	misorientation	cut	off	angle	over	15°.	Whereas	 for	 the	Mg	
phase,	 such	 changes	 were	 not	 observed.	 These	 results	 further	 support	 the	
evolution	of	subgrains	only	within	the	Mg2Sn	phase.	
In	addition	to	the	EBSD	analysis,	the	subgrain	size	in	the	Mg2Sn	phase	was	also	
calculated	using	intercept	method	using	AsB	microstructural	images	(section	
5.2).	Figure	5‐13	compares	the	subgrain	size	calculated	using	EBSD	maps	and	
AsB	images	are	compared	for	2Mg	and	10.8Mg(0.3Ag)	alloys.	In	the	figure,	the	
misorientation	cut	off	angle	in	degree	is	shown	as	15,	5	and	2.	It	can	be	seen	
that	 the	 subgrain	 size	 calculated	 using	 AsB	 image	 analysis	 is	 in	 very	 close	
agreement	with	the	subgrain	size	obtained	with	2˚	misorientation	cut	off	angle	
of	EBSD	analysis.	This	is	an	important	finding	since	the	acquisition	time	for	an	
EBSD	map	 is	~	12‐14	hours	whereas,	 for	AsB	 image,	 it	 is	~10‐12	minutes.	
Thus,	a	quick	and	accurate	quantification	of	subgrain	size	is	possible	via	the	
analysis	of	AsB	microstructural	images	compared	to	EBSD.		
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Figure	5‐12				Variation	of	grain	size	of	a)	Mg2Sn	phase	and	b)	Mg	phase	as	a	
function	of	misorientation	angle	for	10.8Mg(0.3Ag)	alloy.	
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Additionally,	for	2Mg	and	10.8Mg(0.3Ag)	alloys	deformed	at	673	K	to	the	true	
strain	of	1	(red	and	violet	in	the	figure),	it	can	be	seen	that	the	observed	grain	
and	subgrain	sizes	are	higher	in	10.8Mg(0.3Ag)	alloy	compared	to	2Mg	alloy.	
This	could	be	due	to	the	differences	in	the	load	sharing	between	Mg	and	Mg2Sn	
phases.	It	is	expected	that	the	Mg	phase	would	have	deformed	more	compared	
to	Mg2Sn	phase	due	to	increased	plasticity	of	Mg	phase.		
	
Figure	5‐13				Comparison	of	grain	and	subgrain	size	calculated	using	EBSD	and	
AsB	image	analysis	for	2Mg	and	10.8Mg(0.3Ag)	alloys.	
Thus,	 in	 conclusion,	 comparing	 all	 the	 compression	 conditions	 in	 terms	 of	
substructure	development,	grain/subgrain	boundary	network,	misorientation	
angle	distribution	and	subgrain	size	via	imaging	and	EBSD,	the	compression	to	
the	true	strain	of	1	at	673	K	is	observed	to	be	optimum	deformation	condition	
compared	to	other	conditions	for	the	Mg2Sn	based	alloys	under	current	study.	
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5.4 Deformation	of	 the	 large	billets	of	Mg2Sn	based	
alloys	
In	 the	 previous	 section,	 the	 evolution	 of	 deformed	 microstructures	 was	
discussed	in	samples	of	dimensions	~	5×5×5	mm.	From	the	microstructural	
and	EBSD	analysis,	a	well‐connected	subgrain	boundary	network	is	realised	
after	deformation	at	673	K	to	a	true	strain	of	1.	Therefore	in	this	section,	this	
deformation	condition	is	utilised	to	test	the	deformability	and	the	subsequent	
microstructure	evolution	in	large	samples	with	dimensions	~20×20×20	mm.	
	
5.4.1 Hot	compression	behaviour	of	large	billets	
The	hot	compression	testing	was	carried	out	on	the	large	billets	of	xMg	and	
xMg(0.3Ag)	 alloys	where	 x	 =	 2,	 6.7.	 Prior	 to	 compression,	 the	 billets	 were	
homogenised	by	heating	at	673	K	for	10	hours	followed	by	quenching	in	water.	
The	compression	testing	was	performed	with	a	similar	heating	profile	shown	
in	Figure	5‐1.	
Figure	5‐14	shows	the	macroscopic	 images	of	 the	deformed	samples	before	
and	after	compression.	From	the	figure,	cracks	are	observed	in	all	the	as‐cast	
alloys.	The	cracks	are	observed	to	be	relatively	less	in	the	alloys	with	higher	
magnesium	 content.	 The	 cracks	 in	 the	 as	 cast	 near	 stoichiometric	
compositions	were	 also	 reported	 in	 literature	 even	with	Bridgman	method	
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[27],	 where	 slow	 cooling	 rates	 were	 often	 used.	 These	 cracks	 would	 have	
further	 developed	 leading	 to	 the	 edge	 cracking	 following	 compression	
deformation.	Fewer	cracks	could	be	seen	near	the	edges	in	the	deformed	alloys	
containing	more	Mg	and	doped	with	silver.	Further,	after	removing	the	edges	
of	the	compressed	billets,	the	samples	failed	from	the	centre.	This,	however,	is	
not	 the	 case	 with	 the	 Ag	 doped	 alloy	 with	 high	 Mg	 concentration	
(6.7Mg(0.3Ag)).	At	the	moment,	it	is	not	clear	if	this	was	the	combined	effect	
of	Mg	and	Ag	doping.		
	
Figure	5‐14				Images	of	xMg	and	xMg(0.3Ag)	where	x	=	2,	6.7	alloys	before	and	
after	deformation.	
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5.4.2 Microstructural	analysis	
Figure	5‐15	shows	the	microstructures	of	6.7Mg(0.3Ag)	alloy	compressed	at	
673	K	to	the	true	strain	of	1	in	a	section	parallel	to	the	compression	direction.	
The	 formation	 of	 subgrains	 in	 the	Mg2Sn	 phase	 is	 clearly	 evident	 from	 the	
figure.	Again	 from	 the	high	magnification	 images	 in	 Figure	5‐15b,	 it	 can	be	
clearly	 seen	 that	 the	 subgrains	 are	 compressed	 along	CD.	The	 substructure	
formation	is	similar	to	as	observed	in	Figure	5‐4	and	Figure	5‐7	for	smaller	(5	
mm3)	samples	of	2Mg	and	10.8Mg(0.3Ag)	alloys.	
	
Figure	5‐15				Microstructures	of	6.7Mg(0.3Ag)	alloy	deformed	at	673	K	to	the	
true	strain	of	1	(a)	and	the	high	magnification	image	of	the	subgrains	in	(b).	
Figure	5‐16	shows	the	microstructural	images	taken	from	centre	to	edge	(in	a	
to	d	as	shown	in	the	legend)	along	the	compression	direction.	From	the	figures,	
the	evolution	of	the	subgrains	along	the	CD	from	centre	to	the	edge	is	clearly	
evident.	Subgrain	structure	 is	 found	across	 the	whole	sample,	however,	 the	
size	of	 the	subgrains	decreased	as	we	go	 from	the	edge	to	the	centre	of	 the	
compressed	sample.	Near	the	edge,	the	subgrains	are	of	approximately	8	±	0.4	
m.	The	subgrain	size	decreased	to	4.3	±	0.2	m	at	the	centre	of	the	sample.		
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Further,	the	size	of	the	Mg2Sn	phase	is	big	near	the	edge	and	small	near	the	
centre	signifies	that	decrease	in	the	size	was	due	to	more	compressive	strain	
at	the	centre	of	the	sample	over	the	edge.	
	
Figure	5‐16				Microstructures	of	6.7Mg(0.3Ag)	alloy	deformed	at	673	K	to	the	
true	strain	of	1.	The	images	were	obtained	from	the	centre	to	the	edge	region	
as	shown	in	the	legend.	
	
5.4.3 EBSD	analysis	
Figure	5‐17	shows	EBSD	map	of	6.7Mg(0.3Ag)	alloy	compressed	at	673K	to	the	
true	strain	of	1.	The	phase	and	grain	boundary	colour	schemes	are	same	as	
used	 in	 Figure	 5‐8	 and	 Figure	 5‐9.	 The	 microcracks	 observed	 in	 the	
microstructure	are	not	indexed.	A	substructure	formation	is	clearly	observed	
	 		
118	
in	Mg2Sn	phase.	This	is	similar	to	the	substructure	shown	in	Figure	5‐9c	for	
small	 size	 samples	 of	 10.8Mg(0.3Ag)	 alloy.	 The	 grain	 boundary	 network	 is	
nearly	complete	with	the	presence	of	some	high	angle	grain	boundaries.	For	
Mg	phase,	nearly	all	high	angle	grain	boundaries	are	observed.	Thus,	a	nearly	
similar	microstructure	is	obtained	irrespective	of	the	size	of	the	initial	(5	or	20	
mm3)	sample	prior	to	deformation.	
	
Figure	5‐17				EBSD	phase	maps	of	6.7Mg(0.3Ag)	alloy	compressed	at	673	K	to	
true	strain	of	1.	The	grain	boundaries	with	misorientation	angles	of	2°,	5°	and	
15°	are	coloured	as	blue,	red	and	black	respectively.	
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Figure	5‐18	shows	grain	and	subgrain	size	of	Mg2Sn	phase	of	6.7Mg(0.3Ag)	
alloy	compressed	at	673	K	to	the	true	strain	of	1.	The	grain	and	subgrain	sizes	
are	also	compared	with	small	samples	(5	mm	x	5	mm	x	5	mm)	of	2Mg	and	
10.8Mg(0.3Ag)	alloys	deformed	using	same	deformation	conditions.	It	can	be	
seen	 that	 for	6.7Mg(0.3Ag)	alloy,	 the	observed	grain	and	subgrain	sizes	are	
similar	to	2Mg	alloy.	Thus,	any	significant	effect	of	the	initial	cast	sample	size	
is	 not	 observed	 on	 the	 grain	 and	 subgrain	 sizes	 of	 the	 deformed	 sample.	
Overall,	 the	 observed	 grain	 size	 (for	 15°	 cut	 off	 angle)	 is	 ~	 10‐16	m	 and	
subgrain	 size	 (for	 2°	 cut	 off	 angle)	 is	~	 3‐5	m	 for	 all	 the	 deformed	 alloys	
irrespective	of	the	sample	size	and	alloy	compositions.		
	
Figure	5‐18				Grain	size	as	a	function	of	misorientation	cut‐off	angle	for	Mg2Sn	
based	alloys	compressed	to	the	true	strain	of	1	at	673	K.	
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5.4.4 Thermoelectric	performance	of	deformed	Mg2Sn	alloy	
The	 effect	 of	 deformation	 on	 thermoelectric	 properties	 was	 studied	 on	
6.7Mg(0.3Ag)	 alloy.	 The	 thermal	 conductivity	 was	 measured	 along	 the	
compression	 direction	 and	 electrical	 conductivity,	 Seebeck	 coefficient	were	
measured	 perpendicular	 to	 the	 compression	 direction	 due	 to	 the	 size	
limitation	 of	 the	 deformed	 sample.	 Figure	 5‐19	 shows	 change	 in	 the	
thermoelectric	properties,	power	factor	and	ZT	as	a	function	of	temperature	
for	hot	compressed	6.7Mg(0.3Ag)	alloy.	The	repeatability	of	these	properties	
was	 verified	 via	 performing	 2nd	 temperature	 cycle.	 Additionally,	 these	
properties	 are	 also	 compared	 with	 the	 respective	 as	 cast	 alloy.	 The	 open	
symbols	correspond	to	the	heating	curve	and	the	filled	symbols	correspond	to	
the	data	recorded	during	cooling.	In	the	calculation	of	ZT,	the	effect	of	direction	
is	 ignored	 since	 the	 difference	 between	 grain	 and	 subgrain	 sizes	measured	
along	and	perpendicular	to	compression	direction	is	minimal	compared	to	the	
grain	size	of	as	cast	alloy.	
Figure	 5‐19a	 shows	 change	 in	 the	 thermal	 conductivity	 as	 a	 function	 of	
temperature.	As	seen	in	the	figure,	the	thermal	conductivity	of	the	deformed	
alloy	at	323	K	is	6.2	Wm‐1K‐1.	The	observed	value	is	approximately	2.5	times	
lower	than	the	thermal	conductivity	of	the	as‐cast	alloys	(~15.5	Wm‐1K‐1).	The	
irreversibility	upon	cooling	was	not	observed	in	the	deformed	alloy	due	to	the	
homogenisation	of	the	cast‐billets	prior	to	deformation.	It	can	also	be	seen	that	
the	 measurement	 of	 thermal	 conductivity	 was	 repeatable	 for	 the	 second	
temperature	cycle.	
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Figure	5‐19b	 and	 c	 show	 change	 in	 the	 electrical	 conductivity	 and	 Seebeck	
coefficient	 as	 a	 function	 of	 temperature.	 A	 decrease	 in	 the	 electrical	
conductivity	is	observed	in	the	deformed	alloy	compared	to	the	as	cast	alloy.	
The	electrical	conductivity	decreased	from	8.7	X	105	Ω‐1m‐1	for	the	as	cast	alloy	
to	5.1	X	105	Ω‐1m‐1	for	the	deformed	alloy	at	323	K.	The	behaviour	of	electrical	
conductivity	as	a	function	of	temperature	for	the	deformed	alloy	is	similar	to	
the	cast	alloy	except	for	the	rate	of	decrease	is	smaller	in	the	deformed	alloy	
compared	to	the	cast	alloy.		
	
Figure	 5‐19	 	 	 	 The	 measurements	 of	 a)	 thermal	 conductivity,	 b)	 electrical	
conductivity,	c)	Seebeck	coefficient,	d)	power	factor	and	e)	ZT	as	a	function	of	
temperature	for	6.7Mg(0.3Ag)	alloy.	
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On	the	other	hand,	an	increase	in	the	absolute	values	of	the	Seebeck	coefficient	
is	observed	in	the	deformed	alloy	compared	to	the	cast	alloy	above	473	K.	For	
the	cast	alloy,	a	positive	Seebeck	coefficient	was	observed	till	473	K	and	then	
it	 changed	 to	 negative	 above	 473	 K.	 However,	 for	 the	 deformed	 alloy,	 the	
Seebeck	coefficient	is	negative	in	the	whole	temperature	range.	
Figure	5‐19d	and	e	show	change	in	the	power	factor	and	ZT	as	a	function	of	
temperature.	 The	 uncertainty	 in	 the	 power	 factor	 and	 ZT	 at	 lower	
temperatures	(mainly	due	to	the	uncertainty	of	Seebeck	coefficient	in	alloys	
prepared	with	high	Mg	concertation	below	473	K	as	discussed	in	the	section	
4.3.2)	was	evident	in	the	cast	alloy.	Interestingly,	at	higher	temperatures,	an	
increase	 in	 the	 power	 factor	 and	 ZT	 is	 observed	 in	 the	 deformed	 alloy	
compared	to	the	as	cast	alloy.	At	723	K,	1.3	times	increase	in	the	power	factor	
and	3	times	increase	in	the	ZT	is	observed	for	the	deformed	alloy	compared	to	
the	cast	alloy.		
	
5.5 Discussion	
The	deformability	and	its	effect	on	the	thermoelectric	performance	of	Mg2Sn	
based	 alloys	 were	 presented	 in	 this	 chapter.	 From	 the	 analysis	 of	 results,	
following	points	are	worthy	of	discussion.	Following	compression	at	elevated	
temperatures,	a	substructure	development	was	observed	in	the	Mg2Sn	phase.	
The	 deformation	 of	 large	 billets	 resulted	 in	 failure	 for	 all	 alloys	 except	
6.7Mg(0.3Ag)	 alloy.	The	ZT	of	 as	 cast	 6.7Mg(0.3Ag)	 alloy	 increased	3	 times	
after	the	compressive	deformation.	
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5.5.1 Evolution	of	subgrains	in	Mg2Sn	phase	
In	the	Mg2Sn	alloys	under	current	study,	due	to	the	characteristic	nature	of	the	
compression,	an	 inhomogeneous	evolution	of	 subgrains	was	 realised.	As	an	
example,	at	the	centre	of	compressed	billet	of	6.7Mg(0.3Ag),	the	subgrain	size	
was	refined	to	4.3	±	0.2	m	and	near	the	edges	and	very	close	to	the	top	and	
bottom	of	the	billet,	the	subgrain	size	was	in	the	range	of	8	±	0.4	m.	The	small	
grain	size	at	the	centre	was	attributed	to	the	high	compressive	strains	at	the	
centre	compared	to	edge.	
However,	as	shown	below,	it	will	be	clear	that	the	evolution	of	subgrain	size	
with	 deformation	 in	 present	 alloys	 is	 similar	 to	 other	material	 alloys	 with	
different	 crystal	 structures	 and	 interatomic	bonding.	The	 refinement	of	 the	
subgrain	size	in	different	materials	is	directly	dependent	on	the	deformation	
stress.	Figure	5‐20	shows	the	relation	between	the	deformation	stress	and	the	
subgrain	size	using	the	following	equation,	
																																																																			஢ஜ
ୢ
ୠ ൌ K																																		(Equation	5‐1)	
Where	is	the	deformation	stress,		 is	the	shear	modulus,	d	is	the	subgrain	
size,	b	is	the	Burger’s	vector	and	K	is	the	constant.	The	data	obtained	through	
this	equation	follows	narrow	band	for	number	of	materials	such	as	Aluminium	
[113‐115],	Iron	[116,	117],	Halite	[118],	NaNo3	[119],	Magnesia	[120],	Calcite	
[121],	lithium	fluoride	[122]	having	different	crystal	structure	and	interatomic	
bonding	[123].	
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Figure	5‐20				The	mean	dynamic	recovery	sub‐cell	size	normalised	by	Burger’s	
vector	 is	 plotted	 against	 the	 deformation	 stress	 normalised	 by	 the	 shear	
modulus	[123].		
Figure	5‐20	shows	the	deformation	stress	normalised	by	the	shear	modulus	as	
a	 function	of	mean	dynamic	 recovery	 subgrain	 size	normalised	by	Burger’s	
vector	for	above	mentioned	materials	[123].	The	data	from	the	current	study	
is	also	overlayed	in	the	figure.	The	deformation	stress	(Table	5‐1)	of	the	alloys	
studied	here	was	normalized	by	the	shear	modulus	and	the	reported	sub‐grain	
sizes	by	the	Burger’s	vector.	The	shear	modulus	of	the	Mg2Sn	phase	is	32.4	GPa	
[124]	and	b	is	equal	to	a/√2	where	 ‘a’	 is	the	lattice	parameter	of	the	Mg2Sn	
phase	[50].		
Different	 grain	 sizes	 and	 deformation	 stresses	 in	 the	 plot	 were	 generated	
following	the	deformation	at	high	temperatures	and	quenching	following	the	
deformation.	Therefore,	 the	 subgrain	 size	 in	 the	alloys	was	due	 to	dynamic	
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recovery.	It	is	clear	from	the	plot	that	irrespective	of	the	crystal	structure,	all	
the	materials	follow	a	remarkable	narrow	band	indicating	a	universal	law	for	
the	subgrain	evolution	[123].	It	is	interesting	to	notice	that	the	alloys	under	
current	study	also	follow	the	universal	law.	Therefore,	it	is	believed	that	the	
substructure	evolution	in	the	current	alloys	was	due	to	dynamic	recovery.	
	
5.5.2 Failure	analysis	of	deformed	Mg2Sn	based	alloys	
One	of	the	main	challenges	that	was	faced	during	the	deformation	of	the	Mg2Sn	
based	 alloys	 is	 the	 sample	 failure	 during	 compression.	 Following	 the	
deformation	to	a	true	strain	of	1	at	673	K,	microscopic	cracks	were	commonly	
observed	near	the	edges	of	Mg2Sn	grains.	Further,	it	can	be	seen	from	Figure	
5‐14	that	the	samples	failed	from	the	mid‐section	of	the	compressed	billet.	It	
is	well	known	that	during	compression	the	strain	in	this	region	is	higher	than	
the	remainder	of	the	sample.	Figure	5‐21	shows	the	elemental	mapping	of	the	
broken	surface	of	6.7Mg	alloy	shown	in	Figure	5‐14.	From	the	EDS	maps,	it	can	
be	clearly	seen	that	metallic	tin	was	observed	near	the	cracks.	
Further,	X‐ray	 investigations	were	 carried	out	on	 the	broken	surface	of	 the	
6.7Mg	alloy.	Figure	5‐22	shows	a	limited	portion	of	the	diffraction	pattern.	In	
addition	to	Mg2Sn	and	Mg	phases,	the	peaks	corresponding	to	Sn	(ICDD:	04‐
004‐6229)	were	identified.	After	grinding	the	surface	with	1200	grit	paper,	Sn	
XRD	peaks	disappeared.	
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Figure	5‐21				EDS	map	of	the	broken	surface	of	6.7Mg	alloy	deformed	at	673	K	
to	a	true	strain	of	1.	
	
Figure	5‐22				XRD	pattern	of	6.7Mg	alloy	compressed	at	673	K	to	true	strain	1.	
The	specific	cause	for	the	occurrence	of	metallic	Sn	near	the	cracks	is	not	clear.	
However,	it	is	assumed	that	at	elevated	temperature	(673	K)	and	under	high	
stress,	there	is	a	possibility	of	precipitation	of	Sn	contained	in	Mg	solid	solution	
and	 segregating	 to	 the	 pre‐existing	 cracks.	 This	 would	 have	 widened	 the	
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cracks	leading	to	failure	of	alloys.	On	the	other	hand,	the	presence	of	Ag	in	the	
Mg	solid	solution	of	6.7Mg(0.3Ag)	alloy	would	have	stopped	segregation	of	Sn	
due	 to	 the	 differences	 in	 the	 plasticity	 of	 hexagonal	 Mg	 and	 cubic	 Ag.	
Nevertheless,	the	detailed	analysis	of	the	failure	is	a	part	of	future	work.	
	
5.5.3 Thermal	conductivity	of	deformed	Mg2Sn	alloy	
The	ZT	of	as	cast	6.7Mg(0.3Ag)	alloy	increased	3	times	following	compressive	
deformation	 (Figure	 5‐19).	 The	 observed	 increment	 in	 the	 ZT	 is	 believed	
mainly	due	to	the	decrease	in	the	thermal	conductivity	because	of	the	reduced	
grain	size	in	the	deformed	alloy	compared	to	the	cast	alloy.	The	observed	grain	
size	of	the	as	cast	alloy	was	~500	m	to	few	mm	(Figure	4‐13).	The	average	
grain	and	subgrain	size	obtained	after	deformation	are	~10‐16	and	~3‐5	m	
respectively	 (Figure	 5‐18).	 Due	 to	 the	 smaller	 grain	 size,	 there	 are	 high	
numbers	of	grain/subgrain	boundaries	in	the	deformed	alloy	compared	to	the	
cast	alloy.	The	grain	boundaries	scatter	the	charge	carriers	and	heat‐carrying	
phonons	 [84‐86].	 Thus,	 the	 increased	 number	 of	 grain	 boundaries	 lead	 to	
decrease	in	the	thermal	conductivity	and	increase	in	the	ZT.			
Further,	 the	 thermal	 conductivity	 ()	 is	 the	 sum	 of	 electronic	 and	 lattice	
thermal	conductivities	(section	2.1.1.3).	The	electronic	component	of	thermal	
conductivity	 was	 calculated	 using	 equation	 2‐7	 (eL)	 where	 is	 the	
electrical	conductivity,	L	is	the	Lorenz	number	and	T	is	the	temperature.	Then,	
lattice	component	(l)	was	calculated	by	subtracting	electronic	contribution	
from	total	thermal	conductivity	using	equation	2‐6	(el).		
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Figure	5‐23	shows	electronic	and	lattice	components	along	with	total	thermal	
conductivity	of	as	cast	and	deformed	6.7Mg(0.3Ag)	alloy.	In	the	as	cast	alloy	at	
323	 K,	 the	 contribution	 from	 lattice	 is	 higher	 compared	 to	 electronic	
contribution.	Above	 this	 temperature,	 the	 electronic	 contribution	 increased	
with	a	simultaneous	decrease	in	lattice	contribution.	On	the	other	hand,	for	the	
deformed	alloy,	the	electronic	contribution	is	observed	to	be	twice	the	lattice	
contribution	 at	 323	 K.	 A	 systematic	 decrease	 in	 the	 lattice	 contribution	 is	
observed	 with	 increase	 in	 the	 temperature.	 At	 high	 temperatures,	 the	
contribution	 from	 lattice	 is	 very	 low	 compared	 to	 electronic	 contribution	
(section	2.1.1.3).		
	
Figure	5‐23				Change	in	thermal	conductivity	as	a	function	of	temperature	for	
as	cast	and	deformed	6.7Mg(0.3Ag)	alloy.	
Following	deformation,	a	significant	decrement	 in	the	 lattice	contribution	is	
observed	compared	to	the	electric	contribution.	This	suggests	that	the	reduced	
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grain/subgrain	size	affects	mainly	the	lattice	thermal	conductivity	of	the	alloy.	
On	the	other	hand,	the	high	electronic	thermal	conductivity	in	both	as	cast	and	
deformed	alloys	is	due	to	the	large	fraction	of	Mg	phase	present	in	the	alloy.	
Thus,	in	future,	upon	successful	deformation	processing,	it	will	be	possible	to	
obtain	very	low	values	of	total	thermal	conductivity	and	high	values	of	ZT	for	
near	stoichiometric	Mg	based	thermoelectric	alloys.	
	
5.6 Summary	and	conclusions	
The	deformation	of	Mg2Sn	based	alloys	under	investigation	was	carried	out	via	
compression.	The	following	conclusions	were	drawn.		
1. For	Mg2Sn	based	alloys,	 a	decrease	 in	 the	 compressive	 strength	was	
observed	with	 increase	 in	 the	processing	 temperature.	This	 signifies	
the	 increase	 in	 the	 plastic	 deformability	 of	 these	 alloys	 at	 elevated	
temperatures.	
	
2. The	compression	to	the	true	strain	of	1	at	673	K	was	observed	to	be	
optimum	deformation	condition	in	terms	of	substructure	development,	
grain/subgrain	 boundary	 network,	misorientation	 angle	 distribution	
and	subgrain	size	for	the	Mg2Sn	based	alloys.	
	
3. The	 substructure	 evolution	 in	 the	Mg2Sn	 phase	was	 due	 to	 dynamic	
recovery.	
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4. The	observed	failure	of	large	billets	of	2Mg	alloy	following	deformation	
was	mainly	due	to	the	cracks	present	in	the	as	cast	billets.	However,	the	
deformability	of	these	alloys	increased	with	increase	in	the	magnesium	
concentration.			
	
5. The	grain	size	of	the	Mg2Sn	phase	was	~500	um	to	few	mm	in	the	as	
cast	alloy.	Upon	deformation,	the	observed	average	grain	size	was	~10‐
16	m.	This	smaller	grain	size	reduced	the	thermal	conductivity	of	the	
deformed	alloy	significantly	compared	to	the	as	cast	alloy.	
	
6. The	 deformation	 has	 successfully	 shown	 improvement	 in	 the	
thermoelectric	 performance	 of	 Mg2Sn	 based	 alloy.	 The	 deformed	
6.7Mg(0.3Ag)	alloy	showed	3	times	higher	ZT	compared	to	the	as	cast	
alloy.		
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Chapter	6 Structural	 and	 thermoelectric	
behaviour	 of	 La	 doped	 cast	 Mg2Sn	 based	
alloys	
	
6.1 Introduction	
The	 presence	 of	 cracks	 in	 the	 as‐cast	 and	 also	 following	 the	 compressive	
deformation	 of	 the	 Mg2Sn	 alloys	 could	 influence	 the	 thermoelectric	
performance	of	the	alloys.	In	chapter	5,	we	showed	that	the	melting	of	tin	at	
505	K	could	be	the	reason	for	the	failure	of	deformed	alloys.	In	this	chapter,	
we	 doped	 the	Mg2Sn	 cast	 alloys	with	 Lanthanum	 (La),	 as	 La	 increases	 the	
melting	 point	 of	 Sn	 to	 ≥	 823	 K	 by	 forming	 La‐Sn	 or	 La‐Sn‐Mg	 phase.	
Additionally,	 La	 doping	 has	 shown	 improvement	 in	 the	 thermoelectric	
performance	 of	 Mg‐Si‐Sn	 [73]	 and	 Mg‐Si‐Ge	 [74]	 alloys	 (section	 2.2.3.3).	
However,	 there	 are	not	 any	 reports	 available	 on	 the	 effect	 of	 La	 doping	 on	
Mg2Sn	 alloys.	 Therefore,	 this	 chapter	 presents	 the	 effect	 of	 La	 doping	 on	
structural	and	thermoelectric	properties	of	Mg2Sn	based	alloys.	
The	 fabrication	of	 the	La	doped	 cast	billets	 is	presented	 in	 section	6.2.	The	
microstructural	 analysis	 and	 X‐ray	 diffraction	 analysis	 are	 presented	 in	
sections	 6.3	 and	 6.4	 respectively.	 The	 thermoelectric	 properties	 of	 the	 La	
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doped	alloys	are	shown	in	section	6.5.	Finally,	 the	discussion	 is	provided	in	
section	6.6.	
	
6.2 Fabrication	of	La	doped	Mg2Sn	alloys		
The	La	doped	Mg2Sn	alloys	(xMg(yLa)	where	x	=	2,	6.7	and	y	=	2.5,	4.8,	7.1)	
were	prepared	via	RF	induction	casting	using	the	methodology	discussed	in	
section	3.1.2.	Figure	6‐1	shows	 the	macroscopic	 images	of	 the	undoped,	Ag	
doped	and	La	doped	cast	2Mg	alloys.	It	is	clearly	seen	that	the	undoped	and	Ag	
doped	 alloy	 have	 fewer	 cracks	 following	 casting,	 but	 the	 number	 of	 visible	
cracks	 are	 reduced	 following	 doping	 with	 2.5	 wt.%	 of	 La.	 Further,	 with	
increase	 in	 the	 La	 concentration	 to	 7.1	 wt.%,	 the	 quality	 of	 the	 cast	 billet	
improved	significantly,	with	no	visible	cracks	at	least	on	the	sample	surface.		
	
Figure	6‐1							Macroscopic	images	of	undoped,	Ag	doped	and	La	doped	cast	
2Mg	alloys.	
	
	 		
133	
6.3 Microstructural	analysis	
Figure	6‐2	shows	the	microstructures	of	xMg	and	xMg(yLa)	(x	=	2,	6.7	and	y	=	
2.5,	7.1)	alloys.	In	all	the	alloys,	the	grey	and	dark	regions	correspond	to	Mg2Sn	
and	Mg	phases	respectively.	It	is	clear	from	the	figure	that	for	undoped	(Figure	
6‐2a,	b)	and	La	doped	(Figure	6‐2c‐f)	alloys,	the	Mg	phase	fraction	increased	
with	increase	in	Mg	concentration	from	2	to	6.7.	In	the	alloys	doped	with	La,	a	
phase	 with	 thin	 and	 long	 morphology	 can	 be	 clearly	 seen	 from	 the	
microstructures.	For	2.5	wt.	%	of	La	doping,	the	width	of	the	rods	ranges	from	
0.4	 to	 2.5	 m.	 The	 fraction	 of	 this	 phase	 increased	 with	 increase	 in	 La	
concentration	from	2.5	to	7.1	wt.	%.	For	7.1	wt.	%	of	La	doping,	the	average	
width	increased	to	approximately	12	m.		
The	elemental	compositions	of	the	observed	phases	are	investigated	using	the	
Energy	 dispersive	 X‐ray	 spectroscopy	 (EDS).	 Figure	 6‐3	 shows	 the	 EDS	
mapping	of	2Mg(2.5La)	alloy.	Based	on	the	EDS	maps	of	individual	elements,	
the	 phases	 are	 marked	 in	 the	 electron	 image.	 The	 Mg2Sn	 phase	 showed	 a	
significant	fraction	of	Sn	and	a	relatively	weak	fraction	of	Mg.	Whereas	the	Mg	
phase	consists	of	predominantly	magnesium	with	very	weak	fractions	of	Sn.	
The	tertiary	phase	constitutes	La	and	Sn	in	majority	fraction	and	the	relatively	
less	fraction	of	Mg.	The	composition	of	the	Mg,	Sn	and	La	are	quantified	based	
on	 the	 point	 EDS	measurements	 collected	 from	 the	 same	 region	 shown	 in	
Figure	6‐3.	The	average	of	point	EDS	spectrums	are	shown	 in	Table	6‐1.	As	
observed	 in	 the	 case	 of	 undoped	 or	 silver	 doped	 alloys	 (section	 4.1.3),	 the	
Mg2Sn	phase	consists	of	the	ideal	stoichiometric	composition	and	the	Mg	phase	
consists	of	magnesium	with	approximately	11	wt.%	of	tin	in	solid	solution.		It	
is	clear	from	the	table	that	La	is	absent	in	both	the	phases.	The	tertiary	phase	
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consists	 of	 ~14.6	wt.%	 of	 Mg,	 32.4	 wt.%	 of	 La	 and	 53	 wt.%	 of	 Sn.	 The	
composition	of	the	La‐Sn‐Mg	phase	is	further	verified	from	the	line	scans	EDS	
analysis.	
	
Figure	6‐2							Microstructures	of	xMg	and	xMg(yLa)	alloys.	
EDS	line	scans	were	acquired	along	La	based	phase,	with	Mg2Sn	and	Mg	phases	
as	 backgrounds.	 Figure	 6‐4	 shows	 line	 scans	 performed	 on	 2Mg(2.5La),	
2Mg(7.1La)	and	6.7Mg(2.5La)	alloys.	The	phase	 taken	as	 the	background	 in	
Figure	 6‐4a‐c	 is	 Mg2Sn	 and	 Figure	 6‐4d‐f	 is	 Mg.	 For	 all	 the	 line	 scans,	 the	
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observed	composition	of	rod	phase	is	La	~	31.4,	Sn	~	51.8,	Mg	~	16.9	wt.%.	
Interestingly,	 the	 observed	 concentrations	 of	 La,	 Mg,	 and	 Sn	 are	 similar,	
irrespective	of	the	two	different	background	phases	(Mg2Sn	and	Mg).	Based	on	
the	elemental	composition,	the	empirical	formula	of	the	phase	is	LaSn2Mg3.	
	
Figure	6‐3							EDS	map	of	2Mg(2.5La)	alloy.	
	
Table	6‐1								Point	EDS	compositions	of	regions	shown	in	Figure	6‐3.
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Figure	6‐4							EDS	line	profiles	across	the	La	based	phase	in	2Mg(2.5La),	2Mg(7.1La),	6.7Mg(2.5La)	alloys.	
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6.4 X‐ray	diffraction	(XRD)	analysis	
Figure	6‐5	shows	the	XRD	profiles	of	xMg	and	xMg(yLa)	cast	alloys	collected	
following	the	methodology	mentioned	in	section	3.2.2.	For	undoped	(xMg)	and	
La	doped	(xMg(yLa))	alloys,	Mg2Sn	(ICDD:	04‐013‐9863)	and	Mg	(ICDD:	00‐
035‐0821)	phases	are	readily	indexed.	In	the	case	of	La	doped	alloys,	the	peaks	
corresponding	to	La	based	phase	were	identified	in	addition	to	the	Mg2Sn	and	
Mg	 phases.	 Figure	 6‐6	 shows	 XRD	 peak	 intensities	 of	 La	 based	 phase	 in	
xMg(yLa)	alloys.	It	is	clearly	seen	that	the	intensity	of	the	peaks	increased	with	
increase	in	the	concentration	of	Lanthanum	from	2.5	to	7.1	wt.%	for	both	2	
and	6.7Mg	alloys.	However,	this	phase	could	not	be	indexed	with	the	available	
combinations	of	La‐Sn,	La‐Mg	phases	in	the	ICDD	database	2017	[125].		
From	the	EDS	analysis	above,	it	is	expected	that	the	unindexed	phase	consists	
of	 Mg,	 La	 and	 Sn	 elements	 with	 an	 empirical	 formula	 given	 by	 LaSn2Mg3.	
Recently,	 Solokha	 et	 al.	 [126],	 investigated	 the	 Mg‐Sn‐La	 alloys	 with	 the	
formulae	LaSn2Mg(3‐x)	 (0.33	≤	x	≤	0.78)	and	La3Mg4‐xSn2+x	(0.12	≤	x	≤	0.40).	
Further	Negri	et	al.	[127]	reviewed	the	phases	with	compositions	of	Mg‐Sn‐La.	
The	crystallographic	structures	of	 the	phases	are	summarised	 in	Table	6‐2.	
From	these,	the	closest	matching	phase	was	LaSn2Mg(3‐x)	(x	=	0.35).	However,	
based	on	the	simulations	of	the	peaks	using	the	crystal	structure	details	in	the	
Table	6‐2,	a	clear	indexing	of	individual	reflection	was	difficult	due	to	the	peak	
overlap	in	the	X‐ray	data	obtained	in	the	laboratory	instrument.	Further,	the	
lattice	parameters	in	the	present	alloy	could	be	slightly	different	to	the	data	in	
the	table	due	to	the	different	composition	of	the	observed	phase.	In	order	to	
resolve	the	peak	overlap	issue,	Synchrotron	X‐ray	diffraction	was	performed	
and	results	are	discussion	in	section	6.6.1.		
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Figure	6‐5							XRD	patterns	of	xMg	and	xMg(yLa)	alloys.	
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Figure	6‐6							Comparison	of	La	based	phase	peaks	of	xMg(yLa)	alloys.	
Phase 
composition  x  Prototype 
Crystal 
structure 
Space 
group 
Lattice parameters (nm) 
a  b  c 
La3(MgxSn1‐x)5  0.056  Pd5Pu3  Orthorhombic   Cmcm  1.0358(3)  0.8295(4)  1.0605(5) 
La(MgxSn1‐x)3 
0.056 
AuCu3  Cubic  Pm3തm 
0.4764(7)     
0.092  0.4756(2)     
0.14  0.4745(4)     
La(Mg1‐xSnx)  0.07  CsCl  Cubic  Pm3തm  0.39548(2)     
La(Mg1‐xSnx)2  0.037  MgCu2  Cubic  Fd3തm  0.87847(5)     
La6Mg23Sn    Zr6Zn23Si  Cubic  Fm3തm  1.47107(1)     
La3Mg4‐xSn2+x 
0.12  Zr3Cu4Si2  Hexagonal  P6ത2m 
0.77974(7)    0.48384(4) 
0.40  0.7782(5)    0.4814(3) 
La25Mg40Sn35    unknown       
LaMg3‐xSn2 
0.35 
LaMg3‐xGe2  Trigonal  P3ത1c 
0.83222(9)    1.4954(2) 
0.52  0.834(1)    1.491(2) 
0.78  0.8325(3)    1.495(4) 
LaMgSn    TiNiSi  Orthorhombic  Pnma  0.7790(6)  0.4679(1)  0.9126(4) 
La25Mg35Sn40    unknown       
La35Mg20Sn45    unknown       
LaMgSn2    LaMgSn2  Tetragonal  I4ത2m  0.83325(3)    1.24385(5) 
Table	6‐2								Structural	properties	of	Mg‐Sn‐La	[126,	127].	
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6.5 Thermoelectric	properties	
Figure	6‐7	shows	the	thermoelectric	properties	measured	during	heating	and	
cooling	cycles	of	xMg(yLa)	alloys.	The	open	symbols	correspond	to	the	heating	
curve	and	the	filled	symbols	correspond	to	the	data	recorded	during	cooling.	
In	addition,	the	La	doped	alloys	are	compared	with	respective	undoped	alloys.	
Figure	6‐7a	and	b	show	the	change	in	the	electrical	conductivity	as	a	function	
of	 temperature	 for	 2Mg(yLa)	 and	 6.7Mg(yLa)	 alloys	 respectively.	 For	 the	
alloys	doped	with	2.5	wt.%	La,	the	electrical	conductivity	is	similar	to	undoped	
xMg	(x	=	2,	6.7)	alloys.	The	electrical	conductivity	increases	with	increase	in	
La	doping	from	2.5	to	4.8	wt.%.	A	further	increase	in	La	doping	did	not	yield	
improvement	in	the	electrical	conductivity	of	2Mg	alloy.	Whereas,	in	the	case	
of	6.7Mg	alloy,	a	systematic	increase	in	electrical	conductivity	is	observed	with	
increase	 in	 La	 doping	 from	 4.8	 to	 7.1	 wt.%.	 The	 variation	 of	 electrical	
conductivity	with	temperature	in	the	case	of	La	doped	alloys	is	similar	to	the	
undoped	alloy	except	for	2Mg(2.5La)	alloy.	A	consistent	increase	in	electrical	
conductivity	as	a	 function	of	 temperature	 is	observed	 for	2Mg(2.5La)	alloy.	
The	irreversibility	upon	cooling	is	also	present	in	the	La	doped	Mg2Sn	alloys.	
Figure	6‐7c	and	d	show	the	change	in	the	Seebeck	coefficient	as	a	function	of	
temperature	 for	2Mg(yLa)	and	6.7Mg(yLa)	alloys	respectively.	The	Seebeck	
coefficient	of	 the	undoped	xMg	alloys	 is	negative	 in	 the	whole	 temperature	
range	signifying	 the	n‐type	behaviour	of	 the	cast	alloy.	All	 the	alloys	doped	
with	La	showed	a	negative	Seebeck	coefficient	above	500	K	(~227	°C).	These	
results	are	in	agreement	with	the	prediction	of	Tani	et	al.	[128]	that	La	is	an	
N‐type	dopant	in	Mg2Sn	alloy.	However,	small	positive	Seebeck	coefficient	is	
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observed	 at	 lower	 temperatures	 for	 2Mg(4.8La),	 2Mg(7.1La)	 and	
6.7Mg(7.1La)	alloys.	In	addition,	the	observed	values	of	Seebeck	coefficient	of	
La	doped	alloys	are	smaller	compared	to	respective	undoped	alloys.	Further,	
as	observed	with	undoped	and	Ag	doped	alloys,	limited	irreversibility	in	the	
Seebeck	coefficient	is	observed	above	450	K.		
Figure	 6‐7e	 and	 f	 show	 the	 change	 in	 the	 power	 factor	 as	 a	 function	 of	
temperature	 for	 2Mg(yLa)	 and	 6.7Mg(yLa)	 alloys	 respectively.	 It	 can	 be	
observed	that	the	power	factors	of	the	La	doped	alloys	are	lower	compared	to	
the	undoped	alloys.	Predominantly,	the	decrease	in	the	Seebeck	coefficient	in	
the	 La	 doped	 alloys	 is	 responsible	 for	 the	 observed	 low	 values	 of	 power	
factors.	Thus,	the	La	doping	did	not	yield	improvement	in	the	thermoelectric	
performance	of	the	as	cast	Mg2Sn	based	alloys.	
Figure	6‐8a	and	b	show	repeated	measurement	of	electrical	conductivity	of	
2Mg(yLa)	 and	 6.7Mg(yLa)	 alloys	 following	 first	 temperature	 cycle	
respectively.	The	electrical	conductivity	is	observed	to	be	repeatable	for	all	the	
alloys	 after	 the	 first	 temperature	 cycle	 and	 the	 irreversibility	 was	 not	
observed.	This	further	confirms	the	proposed	hypothesis	(section	4.3.1)	that	
after	first	temperature	cycle,	the	alloys	are	homogenised.	
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Figure	6‐7							The	measurements	of	(a,	b)	electrical	conductivity,	(c,	d)	Seebeck	
coefficient,	(e,f))	power	factor	as	a	function	of	temperature	for	2Mg(yLa)	and	
6.7Mg(yLa)	alloys	respectively.	The	arrows	indicate	the	directions	of	heating	
and	cooling.	
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Figure	6‐8							Change	in	electrical	conductivity	as	a	function	of	temperature	
for	a)	2Mg(yLa)	and	b)	6.7Mg(yLa)	alloys	following	first	temperature	cycle.	
Figure	6‐9	shows	change	in	thermal	conductivity	and	ZT	during	heating	and	
cooling	cycles	of	2Mg	and	2Mg(7.1La)	alloy.	The	open	symbols	correspond	to	
the	 heating	 curve	 and	 the	 filled	 symbols	 correspond	 to	 the	 data	 recorded	
during	cooling.	It	can	be	seen	that	thermal	conductivity	of	2Mg	alloy	increased	
due	to	La	doping.	However,	the	variation	of	La	doped	alloy	with	temperature	
is	 similar	 to	 the	undoped	alloy.	As	observed	above,	 the	 irreversibility	upon	
cooling	is	also	present	in	the	thermal	conductivity.	Additionally,	a	decrease	in	
ZT	is	also	observed	in	La	doped	2Mg	alloy	compared	to	the	undoped	alloy.	The	
simultaneous	increase	of	electrical	and	thermal	conductivity	with	a	decrease	
in	Seebeck	coefficient	is	responsible	for	the	observed	effect.		
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Figure	 6‐9	 	 	 	 	 	 	 	 Change	 in	 thermal	 conductivity	 and	 ZT	 as	 a	 function	 of	
temperature	for	2Mg	and	2Mg(7.1La)	alloys.	
	
6.6 Discussion	
From	 the	 structural	 and	 thermoelectric	 investigations	 of	 La	 doped	 Mg2Sn	
alloys,	the	following	points	are	worthy	of	discussion.	The	quality	of	cast	billets	
was	 improved	 significantly	 due	 to	 the	 formation	 of	 LaSn2Mg3	 phase.	
Additionally,	thermoelectric	performance	did	not	improve	with	La	doping	in	
Mg2Sn	alloys	in	the	present	study.	
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6.6.1 Structural	analysis	of	LaSn2Mg3	phase	
A	significant	improvement	in	the	cast	quality	was	observed	in	La	doped	alloys	
compared	to	the	undoped	alloy	(Figure	6‐1).	A	nearly	crack	free	high	quality	
billet	was	obtained	for	2Mg(7.1La)	alloy.	The	only	microstructural	difference	
observed	 between	 undoped	 and	 La	 doped	 alloys	was	 the	 LaSn2Mg3	 phase.	
Thus,	this	phase	is	believed	to	be	the	main	reason	for	the	enhanced	quality	of	
cast	products	and	further	analysis	of	this	phase	is	required.			
In	the	case	of	La	doped	Mg2Sn	alloys,	the	observed	phases	are	Mg2Sn,	Mg	and	
LaSn2Mg3.	The	melting	point	of	LaSn2Mg3	phase	[126]	 is	higher	than	Mg2Sn	
and	Mg	phases	[58].	It	can	be	seen	from	microstructural	images	(Figure	6‐2)	
that	 during	 solidification,	 the	 rod/needle	 shaped	 LaSn2Mg3	 phase	 first	
nucleated	 and	 grew	 perpendicular	 to	Mg2Sn	 and	Mg	 grain	 boundaries	 and	
extended	toward	the	inside	of	the	matrix.	This	could	potentially	increase	the	
strength	 of	 the	 alloy	 [129].	 Further,	 structural	 analysis	 of	 this	 phase	 was	
carried	out	via	synchrotron.		
Figure	 6‐10	 shows	 the	 synchrotron	 X‐ray	 diffraction	 profiles	 of	 the	
2Mg(2.5La)	 and	 2Mg(7.1La)	 alloys.	 The	 grain	 orientation	 was	 ignored	 by	
performing	 Synchrotron	 XRD	 on	 the	 powders	 of	 the	 cast	 samples	 filled	 in	
capillaries	and	by	simultaneously	employing	the	sample	rotation	during	the	
data	 collection.	 X‐ray	 line	 profile	 analysis	 was	 performed	 by	 Pawley	
refinement	method	to	refine	the	lattice	parameters	of	the	LaSn2Mgx,	for	x	=	3.		
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Figure	6‐10							Synchrotron	X‐ray	diffraction	profiles	of	the	2Mg(2.5La)	and	2Mg(7.1La)	alloys.
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Figure	6‐11a	 and	b	 show	 the	 change	 in	 lattice	 parameters	 ‘a’	 and	 ‘c’	 of	 the	
hexagonal/trigonal	 LaMgxSn2	 phase	 with	 x	 values	 ranging	 from	 1	 to	 3	
respectively.	The	lattice	parameters	of	x	=	1,	2.22,	2.48	and	2.65	are	taken	from	
De	Negri	et	al.	 [127]	(Table	6‐2)	and	x	=	3	is	refined	from	synchrotron	XRD	
profiles	in	the	present	study.In	the	case	of	lattice	parameter	‘a’,	it	can	be	seen	
that	 there	 is	 no	 systematic	 variation	 from	 x=	 2.22	 to	 2.65,	 and	 the	 current	
refined	parameters	for	x	=	3	falls	very	close	to	those	values.	Further,	a	clear	
expansion	 of	 lattice	 along	 <c>	 with	 an	 increase	 in	 the	 magnesium	
concentration	from	1	to	2‐3.	This	was	also	observed	in	the	case	of	undoped	and	
silver	 doped	 alloys	 with	 an	 increase	 in	 magnesium	 concentration	 (Section	
4.1.2).		
	
Figure	6‐11				Lattice	parameters	of	LaSn2Mgx	phase	from	De	Negri	et	al.	[127]	
and	the	XRD	data	in	the	present	study.		
A	 further	validation	of	LaSn2Mg3	phase	was	 carried	out	using	EBSD.	Figure	
6‐12	shows	EBSD	map	of	as	cast	2Mg(7.1La)	alloy.	The	Mg2Sn	(Green)	and	Mg	
(Blue)	phases	were	readily	indexed	with	the	available	database.	However,	for	
LaSn2Mg3	 phase,	 a	 structural	 file	 was	 written	 using	 lattice	 parameters	
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obtained	 via	 synchrotron	 XRD	 profiles	 (Figure	 6‐11)	 and	 other	 structural	
details	from	Solokha	et	al.	[126].	It	can	be	seen	that	the	LaSn2Mg3	(red)	phase	
is	 clearly	 indexed	 in	 the	 map	 with	 the	 written	 structural	 file.	 This	 further	
confirms	this	phase	to	be	LaSn2Mg3.	The	unindexed	(black)	regions	in	the	map	
were	due	to	polishing.	
	
Figure	6‐12				EBSD	map	of	as	cast	2Mg(7.1La)	alloy.	
Thus,	 the	 addition	of	La	 in	Mg2Sn	alloy	 improved	 the	 castability	due	 to	 the	
formation	of	LaSn2Mg3	which	could	help	in	the	thermomechanical	processing	
of	the	Mg‐Sn	alloy	system.	This	is	important	to	obtain	good	post‐deformation	
products	with	better	thermoelectric	properties	 following	thermomechanical	
processing.	
	 		
149	
6.6.2 Effectiveness	of	La	doping	in	Mg2Sn	alloy	
The	 thermoelectric	 properties	 of	 La	 doped	Mg2Sn	 alloys	were	presented	 in	
section	6.5.	In	the	case	of	La	doped	Mg2Sn	alloys,	the	observed	thermoelectric	
performance	was	 lower	compared	 to	undoped	alloys.	Whereas,	Zhang	et	al.	
[73]	reported	~4.5	times	increase	in	ZT	of	La	doped	Mg‐Si‐Sn	alloy	compared	
to	 the	 respective	 undoped	 alloy.	 Figure	 6‐13a	 and	 b	 show	 change	 in	 the	
electrical	 conductivity	 and	 the	 Seebeck	 coefficient	 of	 Mg2‐xLaxSi0.58Sn0.42	
(x=0.005)	 alloy	 [73]	 and	 2Mg(7.1La)	 alloy	 as	 a	 function	 temperature.	 The	
alloys	are	also	compared	with	their	respective	undoped	alloys.	
It	 can	be	 seen	 from	Figure	6‐13a	 that	 the	 relative	 increase	 in	 the	electrical	
conductivity	 due	 to	 La	 doping	 is	 dramatically	 higher	 in	 Mg‐Si‐Sn	 alloy	
compared	 to	 Mg2Sn	 alloy	 in	 the	 current	 study.	 A	 decrease	 in	 Seebeck	
coefficient	 is	 reported	 at	 a	 lower	 temperature	 for	 La	 doped	Mg‐Si‐Sn	 alloy	
compared	 to	 the	 undoped	 alloy.	 However,	 at	 higher	 temperature,	 Seebeck	
coefficient	of	La	doped	alloy	exceeds	the	undoped	alloy.	On	the	other	hand,	the	
Seebeck	 coefficient	 of	 La	 doped	 Mg2Sn	 alloy	 remained	 lower	 compared	 to	
undoped	alloy	throughout	the	temperature	range	(Figure	6‐13b).		
These	results	can	be	understood	via	analysis	of	La	in	the	microstructure.	Zhang	
et	al.	[73]	reported	that	the	La	mainly	entered	in	Mg2Sn	rich	coating	layers	for	
Mg2‐xLaxSi0.58Sn0.42	 (0	≤	x	≤	0.015)	alloys.	Whereas,	 in	 the	 current	 study,	no	
traces	 of	 La	was	 found	 in	Mg2Sn	 phase	 (Figure	 6‐3,	 Figure	 6‐4).	 Instead,	 it	
formed	 LaSn2Mg3	 phase.	 This	 limited	 the	 doping	 efficiency	 of	 La	 in	 Mg2Sn	
alloys	drastically.	
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Figure	6‐13				Change	in	a)	electrical	conductivity	and	b)	Seebeck	coefficient	of	La	doped	Mg2Sn	
alloy	and	comparison	with	Mg‐Si‐Sn	alloy	[73].	
	
6.7 Summary	and	conclusions	
The	 La	 doped	 Mg2Sn	 alloys	 were	 fabricated	 using	 RF	 induction	 melting	
process.	The	following	conclusions	were	drawn.	
1. A	 significant	 improvement	 in	 the	 castability	 of	 Mg2Sn	 alloys	 was	
observed	with	La	doping.	
	
2. X‐ray	and	microstructure	studies	 revealed	Mg2Sn,	Mg	and	LaSn2Mg3	
phases	in	the	alloys.	The	fraction	of	Mg	and	LaSn2Mg3	phases	increases	
with	increase	in	Mg	and	La	concentration	during	casting	respectively.	
	
3. The	segregation	of	La	was	observed	in	LaSn2Mg3	phase	instead	of	the	
Mg2Sn	phase.	This	limited	the	effect	of	La	doping	on	the	thermoelectric	
performance	of	Mg2Sn	alloys.	
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4. The	 electrical	 conductivity	 increased	 with	 increase	 in	 the	
concentration	of	La	in	the	alloys.	However,	this	was	followed	by	low	
values	of	Seebeck	coefficient.	Overall,	it	resulted	in	low	values	of	power	
factor	for	La	doped	alloys	compared	to	undoped	alloys.	
	
5. The	electrical	conductivity	was	observed	irreversible	during	the	first	
temperature	 cycle.	 This	 further	 confirmed	 the	 proposed	 hypothesis	
that	the	inhomogeneous	distribution	of	tin	in	the	magnesium	matrix	is	
responsible	for	the	observed	irreversibility	in	the	Mg2Sn	based	alloys.		
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Chapter	7 Conclusions	and	Future	work	
The	 effect	 of	magnesium	on	 structural	 and	 thermoelectric	 properties	 of	RF	
induction	 cast	 undoped,	 Ag	 doped	 and	 La	 doped	Mg2Sn	 based	 alloys	 were	
investigated	in	this	study.	In	addition,	the	deformability	and	its	effect	on	the	
thermoelectric	performance	of	undoped	and	Ag	doped	Mg2Sn	alloys	were	also	
examined.	The	key	conclusions	of	this	thesis	are	summarised	below.			
	
7.1 Conclusions	
1) The	Mg	added	over	the	Mg2Sn	stoichiometry	improved	cast	quality	
of	the	alloys.	However,	the	presence	of	few	major	and	minor	cracks	
was	observed	 in	 the	near	 stoichiometric	 (low	Mg	 concentration)	
alloys.	
	
2) Mg2Sn	and	Mg	were	observed	as	primary	phases	for	Mg2Sn	alloys	
under	 current	 study.	 The	 doped	 Ag	 in	 Mg2Sn	 alloys	 either	
segregated	to	Mg	phase	or	formed	AgMg3	phase	instead	of	doping	
into	Mg2Sn	phase.	This	limited	the	doping	efficiency	of	Ag	in	these	
alloys	significantly.		
	
3) For	the	as	cast	alloys,	the	electrical	conductivity	was	observed	to	be	
irreversible	 for	 the	 first	 temperature	 cycle.	 The	 inhomogeneous	
distribution	 of	 Sn	 in	 the	 Mg	 matrix	 was	 responsible	 for	 the	
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observed	 effect.	 Following	 the	 homogenization	 via	 first	
measurement	temperature	cycle,	the	irreversibility	was	removed.	
	
4) The	electrical	and	thermal	conductivities	increased	with	increase	
in	 the	 concentration	 of	 Mg	 for	 undoped	 and	 Ag	 doped	 alloys.	
However,	 low	values	of	Seebeck	coefficient	were	obtained	due	to	
the	 segregation	of	Ag.	 Following	 this,	 any	 significant	 effect	of	Ag	
doping	was	not	observed	on	power	factor	and	ZT.	
	
5) A	nonreproducible	Seebeck	coefficient	was	observed	at	323	K	for	
the	 alloys	 prepared	 with	 high	 concentration	 of	 Mg.	 	 This	 was	
attributed	to	the	coarse	grain	size	and	respective	grain	orientations	
of	Mg2Sn	and	Mg	phases	and	a	high	fraction	of	magnesium	phase	in	
between	the	Mg2Sn	grains.	
	
6) The	 plastic	 deformability	 of	 Mg2Sn	 based	 alloys	 increased	 at	
elevated	 temperatures.	 The	 samples	 deformed	 at	 higher	
temperature	displayed	better	quality	compared	to	the	subsequent	
lower	temperature.		
	
7) A	 substructure	 development	 was	 observed	 in	 Mg2Sn	 dendritic	
grains	 upon	 compressive	 deformation.	 The	 most	 prominent	
substructure	 (in	 terms	 of	 grain/subgrain	 boundary	 network,	
grain/subgrain	 size	 and	 misorientation	 angle	 distribution)	 was	
observed	for	compression	carried	out	at	673	K	to	the	true	strain	of	
1.		
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8) An	increase	of	3	times	in	ZT	was	observed	for	the	deformed	alloy	
compared	 to	 the	 as	 cast	 6.7Mg(0.3Ag)	 alloy.	 This	 increase	 was	
mainly	 due	 to	 a	 decrease	 in	 thermal	 conductivity	 via	 increased	
phonon	scattering	at	grain/subgrain	boundaries.	
	
9) The	doping	with	La	significantly	improved	the	quality	of	cast	Mg2Sn	
alloys	 prepared	 with	 the	 low	 concentration	 of	 magnesium.	
Especially,	 for	7.1	wt.	%	La	doping,	a	nearly	crack	free	billet	was	
obtained	for	2	wt.	%	Mg	alloy.	
	
10) The	 dopant	 La	was	 incorporated	 in	 the	 LaSn2Mg3	 phase	 and	 no	
traces	 of	 La	was	 found	 in	Mg2Sn	 phase.	 This	 limited	 the	 doping	
efficiency	of	La	in	these	alloys	drastically.		
	
11) The	La	doping	increased	the	electrical	conductivity	of	Mg2Sn	alloys.	
However,	 a	 simultaneous	decrease	 in	 Seebeck	 coefficient	 lead	 to	
lower	values	of	power	factor	for	the	La	doped	alloys	compared	to	
undoped	alloys.	
	
7.2 Future	work	
1) There	 is	 a	 scope	 to	 investigate	 the	 effect	 of	 Mg	 addition	 from	
stoichiometric	 to	 2	 wt.	 %	 on	 the	 structural	 and	 thermoelectric	
performance	of	Mg2Sn	alloys.		
	
	 		
155	
2) The	understanding	of	deformation	modes	of	Mg2Sn	based	alloys	is	
required.	The	study	of	active	slip	system	and	dislocation	density	
would	enhance	the	knowledge	of	deformability	of	Mg2Sn	alloys.		
	
3) There	is	a	scope	to	explore	the	deformability	and	its	effect	on	the	
thermoelectric	performance	of	La	doped	Mg2Sn	alloys.	
	
4) It	 will	 be	 interesting	 to	 investigate	 the	 effect	 of	 La	 doping	 on	
castability	of	Mg‐Si‐Sn	alloy.		
	
5) The	 developed	 RF	 induction	 casting	 methodology	 and	
thermomechanical	 processing	 technique	 could	 be	 applied	 to	
synthesise	 highly	 efficient	 Mg‐Si‐Sn	 alloys	 for	 commercial	
applications.	
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